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1 Introduction 
 
 
1.1 Photosynthesis and photorespiration in green plants 
 
Energy is of the utmost importance in maintaining all the biological processes in living 
beings. Sunlight supplies inexhaustible energy for the earth by the mediation of autotrophic 
organisms. By photosynthesis autotrophic organisms harvest light quanta, and successively 
convert solar energy into electrical energy, active chemical energy in the forms of ATP and 
NADPH, and stable chemical energy in the form of carbohydrates. These carbohydrates and 
their in vivo derived organic substances such as proteins, lipids and organic acids serve 
universally as sources of matter and energy through the food chain for heterotrophic 
organisms. Green plants, as the majority of autotrophic organisms, acquire their most 
abundant elements in leaves (C and O) by consuming H2O and excessive atmospheric CO2, 
while replenish atmospheric O2 during photosynthesis (Edwards and Walker, 1983). 
 
Photosynthesis is composed of three stages: the primary photochemical reaction, the electron 
transport and photophosphorylation, and the CO2 assimilation (Hoober, 1984). For higher 
plants, three biochemical pathways - the C3 pathway (Calvin cycle), the C4 pathway (Hatch-
Slack pathway) and the crassulacean acid metabolism (CAM) - are involved in the last of 
these stages (Edwards and Walker, 1983). More than 95% of the terrestrial plants, including 
major crops such as wheat and rice, assimilate CO2 exclusively by the C3 pathway and thus 
are known as “C3 plants" (Ku et al., 1996). Atmospheric CO2 enters the mesophyll cells by 
diffusion, equilibrates with the internal pool of HCO3- via carbonic anhydrase (CA) and is 
channeled into chloroplasts in the form of CO2 (Badger and Price, 1994). Here it condenses 
with ribulose-1,5-bisphosphate (ribulose-1,5-P2) to form two molecules of C3 compound, 
glycerate-3-phosphate (3-PGA), via the carboxylase activity of ribulose-1,5-P2 
carboxylase/oxygenase (Rubisco, EC 4.1.1.39). By consuming ATP and NADPH that have 
been produced during the first two photosynthetic stages, 3-PGA is reduced to triose 
phosphate (triose-P), which is then either utilized to regenerate ribulose-1,5-P2 and to 
synthesize starch within chloroplasts or is transported into the cytosol for sucrose 
biosynthesis. C4 plants (e.g. maize) and CAM plants (e.g. cacti) possess a complementary 
pathway involved in an initial CO2 (as HCO3-) fixation by phosphoenolpyruvate carboxylase 
(PC) forming the C4 dicarboxylate, oxaloacetate (OAA), which is subsequently converted to 
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malate (for NADP-ME type) or aspartate (for NAD-ME and PCK types), and directly or 
indirectly decarboxylated in the vicinity of Rubisco for CO2 re-fixation via the C3 pathway. 
Both the fixation and re-fixation of inorganic carbon are separated either spatially between the 
mesophyll cells and bundle sheath cells (for C4 pathway) or temporally between night and day 
(for CAM) to minimize futile recycling through PC (Edwards and Walker, 1983; Ku et al., 
1996). The compartmentation of individual enzymes in the C4 pathway results from 
differential gene expression (Nelson and Langdale, 1992), which is regulated mainly at the 
transcriptional level (Ku et al., 1996; Sheen, 1999). C4 and CAM plants have been classified 
into three subgroups, as three types mentioned above, according to their respective 
predominant decarboxylating enzyme (Hatch et al., 1975). However, some of the NADP-ME 
type plants (such as maize), in which the decarboxylation of malate via NADP-malic enzyme 
(ME) is the main decarboxylating event, phosphoenolpyruvate carboxykinase (CK) is also 
employed for decarboxylating OAA (Furumoto et al., 1999; Walker et al., 1997). Likewise, in 
the PCK-type plants not only CK but also NAD-malic enzyme (NAD-ME) is utilized as a 
decarboxylase (Burnell and Hatch, 1988). For the incorporation of one CO2, C4 and CAM 
plants require more energy (max. two and 3.5 additional ATP, respectively) when compared 
with C3 plants. However, this is negligible when the much greater energy demands for 
regenerating ribulose-1,5-P2, which is lost by a process called “photorespiration”, by C3 plants 
is taken into account (Edwards and Walker, 1983). 
 
Photorespiration is the light-dependent production of CO2 consuming O2 due to the oxygenase 
activity of Rubisco, which is competitive with the carboxylase activity of the same enzyme, 
supporting the oxidative cleavage of ribulose-1,5-P2 to glycolate-2-phosphate (glycolate-2-P) 
and 3-PGA. Glycolate-2-P is then dephosphorylated within chloroplasts and metabolized via 
the glycolate cycle (C2-photorespiratory cycle), which occurs in peroxisomes and 
mitochondria, recycling 3-PGA to the Calvin cycle. During the processes in this cycle, 25% 
carbon is lost as CO2, one NH3 per two glycolates is released, and 29 ATP and 15 NADPH 
are consumed. Further energy is required for the reassimilation of NH3 to prevent the loss of 
nitrogen. Although the enzyme Rubisco has a much greater affinity for CO2 than for O2, 
photorespiration is inevitable for plants (particularly C3 plants) grown in air due to a much 
higher concentration of O2 (21%) over that of CO2 (only 0.035%) (Lorimer and Andrews, 
1973). In a temperate climate about 20%-50% of the assimilated CO2 is evolved although 
about 50% of the CO2 produced during photorespiratory metabolism can be recaptured by 
chloroplasts of C3 plants (Rawsthorne, 1992). The rate of the Rubisco oxygenase reaction is 
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further increased under conditions of drought and higher temperatures, due to three factors: 1) 
the decrease in the solubility of CO2 is greater than that of O2; 2) the CO2/O2 specificity of 
Rubisco is decreased with increasing temperature (Brooks and Farquhar, 1985; Jordan and 
Ogren, 1984), and 3) the stomatal closure in response to water deficits leads to decreased CO2 
uptake (Edwards and Walker, 1983). Moreover, excess H2O2 is produced via glycolate 
oxidase under such conditions causing the decarboxylation of glyoxylate and 
hydroxypyruvate in peroxisomes and increase the stoichiometry of released CO2 well above 
the calculated value (25%) (Zelitch, 1989). Photorespiration is strongly suggested to play a 
protective role for the photosynthetic apparatus against photoinhibition, when the supply of 
CO2 for the C3 pathway is limited, by continually consuming excess light energy (Vass and 
Styring, 1993; Woolhouse, 1980), and by driving the C3 pathway with CO2 and 3-PGA which 
are formed during the glycolate cycle (Kozaki and Takeba, 1996). Although the glycolate 
cycle is energy consuming, most of carbon is retrieved and returned to the C3 pathway from 
the products formed by the oxygenase activity of Rubisco (Edwards and Walker, 1983). 
Attempts to decrease photorespiration by chemically inhibiting the glycolate cycle (Servaites 
and Ogren, 1977), or by inducing glycolate-cycle mutations (for review see Somerville, 1986) 
have resulted in simultaneous blocking of photosynthesis.  
 
 
1.2 CO2-concentrating mechanisms in plants 
 
In nature, various mechanisms have been developed in plants during the evolution to supply 
elevated concentrations of CO2 at the site of Rubisco for the C3 pathway. As a consequence, 
the oxygen reaction of Rubisco is suppressed, and the wasteful photorespiration is inhibited 
more or less completely, resulting in an enhanced photosynthetic efficiency. 
 
C4 plants supply Rubisco in bundle-sheath chloroplasts with increased concentrations of CO2 
by an ATP-driven “CO2 pump”, i.e. the C4 pathway (C4 cycle), located mainly in mesophyll 
cells. This CO2-concentrating mechanism is based on modified biochemistry and distinct leaf 
anatomy of C4 plants. As an enzyme for initial fixation of inorganic carbon (as HCO3-), PC 
has a higher affinity for this substrate than Rubisco, and is insensitive to O2. The thick-walled 
bundle-sheath cells are radially surrounded by thin-walled mesophyll cells, forming a “Kranz 
anatomy”. Both types of cells keep in intimate contact with each other by a large number of 
plasmodesmata in the walls between them, through which the metabolites of consecutively 
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integrated C4 and C3 pathways (e.g. pyruvate and malate) are transported. The air-tight bundle 
sheath prevent leakage of even small amounts of CO2 released either from the 
decarboxylation of C4 acids or from photorespiration (Edwards and Walker, 1983; Ku et al., 
1996; Leegood, 1997). This mechanism allows C4 plants to assimilate CO2 at very low 
concentrations contained in intercellular spaces with reduced stomatal conductance under 
water stress. Therefore, C4 plants have negligible CO2 compensation points (0-10 ppm CO2), 
and are superior to C3 plants as to photosynthetic, nitrogen- and water-use efficiencies under 
arid, hot and high light- intensive environmental conditions (Dai et al., 1993; Hatch, 1992). At 
temperatures above 25-30°C C4 plants have higher quantum yields than C3 plants (Ehleringer 
and Björkman, 1977). The maximum short-term growth rates of C4 species are at least 20% in 
excess of C3 species, which is also reflected in their standing dry weights at harvest 
(Woolhouse, 1980). 
CAM plants possess a CO2-concentrating mechanism similar to that of C4 plants, however, 
with specific properties to protect them from water loss. The initial CO2 fixation occurs at 
night when the stomata open, the resulting C4 acids are accumulated as malate in large 
vacuoles, which is decarboxylated in the ensuing light period behind the stomata closure. 
Thus, CAM plants do not lose CO2 by photorespiration, and the CO2 released by dark 
respiration is reassimilated (Edwards and Walker, 1983). The facultative CAM plant 
Mesembryanthemum crystallinum assimilates CO2 via the C3 pathway when water supply is  
sufficient, but reverts to CAM under water stress, whereby the enzyme activities for the C4-
acid metabolism are increased (Cushman and Bohnert, 1997). 
C3-C4 intermediates exhibit traits intermediate between C3 and C4 plants in terms of gas 
exchange characteristics, anatomical features, and for some species levels of C4-acid 
metabolism (Holaday et al., 1981; Rawsthorne, 1992). Two mechanisms are proposed to be 
responsible for their relatively low photorespiration. One is based on the decarboxylation of 
glycine in the mitochondria of bundle sheath cells. Mitochondria are arranged along the inner 
cell wall and are overlain by chloroplasts. Released CO2 is re- fixed by Rubisco in 
chloroplasts, through which the CO2 must pass to exit the leaf (Rawsthorne, 1992). In this 
way, C3-C4 intermediates improve their rate of recapturing the CO2 released by 
photorespiration up to 73% (Hunt et al., 1987). Another mechanism, a limited C4 pathway 
complementary to the C3 photosynthesis causes further reduction of the photorespiration 
(Rawsthorne, 1992). Progressive increases in expression of the C4 isoform ME as well as a 
decrease in expression of its C3 counterpart occur from C3 through C3-C4 and C4-like to C4 
species of the genus Flaveria (Drincovich et al., 1998). 
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Aquatic autotrophs have developed various CO2-concentrating mechanisms (CCMs) to 
acclimatize themselves to the limiting and variable CO2 concentrations in water. They can 
actively uptake and utilize CO2 or HCO3- (Casati et al., 2000; Reiskind et al., 1997; Spencer 
et al., 1996), probably via CA activities (Funke et al., 1997). CA converts HCO3- to CO2 
facilitating the diffusion of inorganic carbon into the cell and allowing the accumulated 
inorganic carbon within the cell to generate higher levels of CO2 around Rubisco (Badger and 
Price, 1994). In addition, C4-like photosynthesis can be induced in some aquatic plants at very 
limiting CO2 concentrations caused by high levels of irradiance and temperature (Casati et al., 
2000; Salvucci and Bowes, 1983). For examples, in Hydrilla verticillata and Egeria densa 
under such conditions, the activities of cytosolic PC, and chloroplastic pyruvate, 
orthophosphate dikinase (DK) and/or ME were increased up to 16-fold, resulting in a decline 
in O2 inhibition of photosynthesis, and a decrease in CO2 compensation point (for H. 
verticillata from above 59 to below 20 µl l-1) (Magnin et al., 1997; Reiskind et al., 1997; 
Spencer et al., 1996). Moreover, in CO2- or Zn-stressed cells of unicellular marine diatom 
Thalassiosira weissflogii, PCK-type C4-like photosynthesis accounts for a major portion of 
carbon fixation, whereby the activities of cytosolic CA and PC, as well as chloroplastic CK 
are increased (Reinfelder et al., 2000; Riebesell, 2000). These results implicate that the Kranz 
anatomy is not obligatory for C4-type photosynthesis (Magnin et al., 1997; Reiskind et al., 
1997). 
Surprisingly, it was recently discovered that a terrestrial plant (Borszczowia aralocaspica 
Bunge, family Chenopodiaceae) conducts C4 photosynthesis in the absence of Kranz anatomy 
(Freitag and Stichler, 2000; Voznesenskaya et al., 2001). 
 
 
1.3 Approaches to diminishing photorespiration in C3 plants 
 
The benefits of C4 photosynthesis to crop production (1.2) have prompted much of the 
research on improving the photosynthetic efficiency of C3 plants by diminishing the 
photorespiratory loss of CO2. In view of the fact that inhibition of the glycolate cycle is 
detrimental to photosynthesis (1.1), the majority of strategies have been focused on enhancing 
the ratio of carboxylase activity to oxygenase activity of Rubisco. In addition, the decrease in 
photorespiration has also been achieved for the induced O2-resistant tobacco plants by 
increasing the activity of catalase, which catalyzes the decomposition of H2O2, thus 
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decreasing the stoichiometry of CO2 release per mol of glycolate oxidized in photorespiratory 
cycle (Zelitch, 1989). 
 
Attempts to increase the CO2/O2 specificity of Rubisco by altering its active site with the 
techniques of site-directed mutagenesis (Gutteridge et al., 1984), by inducing low oxygenase 
activity mutants (Somerville and Ogren, 1982), or by inserting more efficient Rubisco gene 
into higher plants (Normile, 1999) have failed (Normile, 1999; Zelitch, 1989). Several 
research groups are engaged in introducing the Rubisco encoding gene from red algae into 
higher plants. This algal Rubisco exhibits a three times higher efficiency than higher plants 
(Normile, 1999). 
The most extensively employed strategy is to increase the supply of CO2 for Rubisco by 
introducing C4 traits into C3 plants. Hybridization between C3 and C4 plants by conventional 
breeding was successful only for a few plant genera, none of which is a crop species. In 
addition, most of the hybrids exhibited infertility due to irregular chromosome pairing and/or 
other genetic barriers (Brown and Bouton, 1993). Plant genetic engineering provides a new 
approach to achieving this goal. C3 plants such as rice have been demonstrated to possess the 
regulatory machinery necessary for the expression of C4-specific genes at high levels, in a 
light-dependent, cell-specific manner (Ku et al., 1996, 1999). In addition, C4-like 
photosynthesis can operate in some natural species lacking the Kranz anatomy (1.2). Certain 
research teams, including our group in the Institute of Biology I, RWTH Aachen, Germany, 
have been working on elevating the activities of C4-pathway enzymes in various C3 plants by 
overexpressing respective C4 genes (see 1.4). However, to our knowledge, no one has 
obtained any C3 plant overexpressing all enzymes necessary for a C4 pathway. Figure 1 
illustrates the operating model of C4-like pathways (“C4-cycles”) to be introduced into C3 
plants by our group. 
This model combines two C4-like pathways, which are analogous to the CO2-concentrating 
mechanisms of NADP-ME-type and PCK-type C4 plants, respectively. In contrary to typical 
C4 pathways, these “C4-cycles” are simpler being an intracellular CO2-pump mechanism, by 
which CO2 should be transported from the cytosol to the chloroplasts. Interestingly, during 
initial experiments on this project, similar pathways were discovered in the plant species 
Hydrilla verticillata (Salvucci and Bowes, 1983) and Thalassiosira weissflogii (Reinfelder et 
al., 2000), respectively. Under CO2-stress these plants switch from C3-type- to an intracellular 
C4-like CO2 assimilation (see 1.2). 
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Fig. 1 Model for C4-like CO2-concentrating pathway in C3 plants 
PEP: phosphoenolpyruvate; OAA: oxaloacetate; Mal: malate; Pyr: pyruvate 
1. Carbonic anhydrase (CA); 2. PEP carboxylase (PC); 3. OAA translocator; 4. NADP-malate dehydrogenase (NADP-
MDH); 5. NADP-malic enzyme (ME); 6. pyruvate, orthophosphate dikinase (DK); 7. PEP synthase (PS); 8. PEP 
carboxykinase (CK); 9. PEP/phosphate translocator (PT); 10. ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) 
 
In the NADP-ME-type C4-like pathway, CO2 released by respiration and photorespiration can 
be converted to HCO3- via endogenous CA (step 1 in figure 1). In the cytosol HCO3- can 
condense with phosphoenolpyruvate (PEP) to form OAA by the catalysis of overexpressed 
PC (step 2). OAA can then be transported into the chloroplast via endogenous OAA 
translocator (step 3). The imported OAA can be successively reduced to malate via 
endogenous chloroplastic NADP-malate dehydrogenase (NADP-MDH) (step 4) and 
decarboxylated via foreign chloroplast-targeting ME (step 5) in the vicinity of Rubisco. The 
resulting pyruvate can be phosphorylated to PEP via fo reign stromal DK (step 6) and/or 
phosphoenolpyruvate synthase (PS) (step 7). After being exported to the cytosol via foreign 
phosphoenolpyruvate/phosphate translocator (PT) (step 9), targeted on the membrane of the 
chloroplast, PEP can be recycled as a substrate for PC for a sustained CO2 fixation. In the 
PCK-type C4-like pathway, OAA, which is produced in the cytosol (steps 1 to 2) and 
imported to the chloroplast (step 3), can directly be decarboxylated to PEP via foreign 
chloroplast-targeting CK (step 8), followed by an export of PEP to the cytosol (step 9). 
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1.4 Characteristics of C4-pathway enzymes and their introduction into C3 plants 
 
The enzymes involved in C4 photosynthesis are not unique to C4 plants but are also present in 
C3 plants. However, the enzymes from C3 and C4 plants differ from each other in kinetic 
property, activity level, subcellular localization, and/or metabolic role (Monson and Moore, 
1989; Schäffner and Sheen, 1992). The C4 enzyme encoding genes (C4 isogenes) might have 
evolved from a set of pre-existing genes in ancestral C3 plants (C3 isogenes) mainly by 
acquiring cis-regulatory elements to gain high- level expression in a cell- and organ-specific, 
light- inducible manner with correct enzymic properties (Drincovich et al., 1998; Ku et al., 
1996; Nomura et al., 2000), and by gene duplication (Marshall et al., 1996). In addition, C4-
specific regulatory machinery is required for the expression of C4 Me (Marshall et al., 1997) 
and C4 pdk genes (Nomura et al., 2000). Some enzymes e.g. PC and CK that are involved in 
the C4-metabolism are not confined to plants but are also found in some other organisms. This 
offers an opportunity for us to look for suitable genes in a wide range of sources for 
establishing a C4-like pathway. 
 
Carbonic anhydrase (CA): 
The zinc-containing CA (carbonate dehydratase; EC 4.2.1.1) (Fig.1, step 1) catalyses the 
reversible hydration of CO2 according to the following reaction (Edwards and Walker, 1983): 
 CO2 + H2O « HCO3- + H+ 
CA plays a key role in photosynthetic CO2 fixation in autotrophic organisms. In prokaryotic 
cyanobacteria, in eukaryotic green algae, and in aquatic macrophytes, it acts as one of the key 
elements in the operation of CCM (1.2). In C4 plants, CA is almost exclusively confined to 
the mesophyll cytosol catalyzing the first step of the C4 pathway to provide HCO3- for PC. In 
C3 plants, CA is mainly located in the chloroplasts aiding in the facilitated diffusion of CO2 
through the stroma for supplying the substrate for Rubisco (reviewed by Badger and Price in 
1994). In addition, CA has a variety of non-photosynthetic functions. Cytosolic CA in C3 
plants possibly supplies a C3 PC with its substrate HCO3- for anaplerotic synthesis of the 
intermediates of tricarboxylic acid cycle (TCA cycle) (Rumeau et al., 1996). Plastidic CA is 
involved in the carboxylation reactions within plastids such as the synthesis of lipids (Hoang 
and Chapman, 2002), and in the gas exchange for nitrogen metabolism in root nodules 
(Gálvez et al., 2000).  
Genes encoding periplasmic and chloroplastic CAs from the green alga Chlamydomonas 
reinhardtii (Badger and Price, 1994; Funke et al., 1997) and carboxysomal CA from the 
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cyanobacterium Synechoccus PCC7942 (Fukuzawa et al., 1992) have been isolated and 
characterized. Furthermore, cDNAs coding for the chloroplastic CA from C3 plants (e.g. 
tobacco) (reviewed by Badger and Price in 1994), for the cytosolic CA from C4 plants (e.g. 
maize) and C3 plants (e.g. potato) (Rumeau et al., 1996), and for the plastidic CA from non-
photosynthetic tissues (e.g. alfalfa nodules, cotton seedlings) (Coba de la Pena et al., 1997; 
Hoang et al., 1999) have also been isolated and identified. 
To date, no report has been made about manipulating cytosolic CA levels in C3 plants, to 
which the C4 traits are to be transferred. 
 
Phosphoenolpyruvate carboxylase (PC): 
PC [orthophosphate: oxaloacetate carboxy-lyase (phosphorylating); EC 4.1.1.31)] (Fig. 1, step 
2) catalyses the essentially irreversible b–carboxylation of PEP using a divalent metal cation 
(Mg2+ or Mn2+) as a cofactor:  
 PEP + HCO3- ® OAA + Pi 
It is generally cytosolic in higher plants and is also widely distributed in bacteria, 
cyanobacteria, and green algae (Latzko and Kelly, 1983; Lepiniec et al., 1994). In leaves of 
C4 and CAM plants, C4 isoform PC plays a key role in trapping and concentrating 
atmospheric CO2 during photosynthesis (1.2). Non-photosynthetic isoforms of PC are 
involved in a variety of biochemical processes. They play important roles in anaplerotic 
replenishment of the intermediates of TCA cycle (Latzko and Kelly, 1983) during seed 
development and germination (Adams and Rinne, 1981; Sangwan et al., 1992), fruit 
maturation (Duffus and Rosie, 1973; Meyer at al., 1982) and metabolic interactions between 
the style and elongating pollen tubes (Jansen et al., 1992), in guard-cell carbon metabolism 
during stomatal opening (Allaway, 1973; Martinoia and Rentsch, 1994; Willmer, 1983), in 
C4-acid formation in legume root nodules (Deroche and Carrayol, 1988; Vance and Gantt, 
1992), and in short-term, fine control of cytoplasmic pH operating in concert with MDH and 
ME (Davies, 1986). 
Plant PCs are usually of homotetrameric structure with the subunit molecular masses of 95-
110 kD. Compared with their C3 counterparts, C4 isoform PCs have significantly greater Km 
(PEP) and Km (Mg) values, but lower sensitivity to the inhibition of malate or activation of 
glucose 6-P (Svensson et al., 1997; Ting and Osmond, 1973). In addition to the regulation by 
metabolite effectors (Chollet et al. 1996; Nimmo, 2000), PC activity is also greatly up/down-
regulated during light-dark (in C4 plants) or night-day (in CAM plants) transition through 
reversible phosphorylation/dephosphorylation of a single serine residue in the plant-conserved 
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N-terminal domain [E/DK/RxxSIDAQL/MR] (Chollet et al. 1996; Taybi et al, 2000). 
Phosphorylation of PC causes a decrease in the sensitivity to inhibition by L-malate and a 
great increase in both enzyme activity and the sensitivity to activation of G-6-P under near-
physiological assay conditions (Duff et al., 1995; Jiao and Chollet, 1989; Wang et al., 1992). 
C3 PCs are also subject to a regulatory phosphorylation (Chollet et al.; 1996; Lepiniec et al., 
1994; Wang and Chollet, 1993), but through a distinct light-signal transduction pathway, 
which is beneficial for their specific functions (Li et al., 1996). 
A large number of cDNAs encoding various isoforms of PC have been isolated from C4 plants 
(e.g. maize), C3 plants (e.g. potato) and CAM plants (e.g. M. crystallinum) (reviewed by 
Lepiniec et al. in 1994). 
Tobacco plants were transformed with the chimeric gene construct containing the maize C4-
specific PC gene under the control of either a tobacco chlorophyll a/b binding protein gene 
(Cab) promoter (Hudspeth et al., 1992), or the CaMV 35S promoter (Kogami et al., 1994). 
Two-fold increased PC activities in either case, elevated malate levels in the former case, and 
decreased O2 inhibition of photosynthesis in the latter case were observed. However, no 
effects on the rate of photosynthesis or CO2 compensation point were detected. Ku et al. 
(1999) have achieved to obtain some rice plants expressing maize C4 PC at high levels. The 
rice transformed with the intact maize ppc gene exhibited up to 110-fold elevated PC 
activities, and showed reduced O2 inhibition of photosynthesis. Further investigation on the 
7th generation of these transformants revealed improved photosynthetic capacity, higher grain 
yield, and more tolerance to photo-oxidative stress due to their 25-fold increased PC activities 
(Jiao et al., 2002). 
Our group has transformed the potato plant with the chimeric constructs containing PC genes 
from the C4 plant Flaveria trinervia (fppc), and from the bacteria Escherichia coli (eppc) and 
Corynebacterium glutamicum (cppc), respectively, under the control of CaMV 35S promoter, 
which resulted in up to 2-,  2- and 6-fold higher PC activities, respectively, versus control 
plants. The cppc overexpressors exhibited increased malate levels, accelerated stomatal 
opening, and enhanced rates of CO2 loss by respiratory processes (Gehlen et al., 1996). The 
last change is partially due to an up to 6-fold induction of an endogenous cytosolic ME as 
well as an increase in NAD-ME and pyruvate kinase (Häusler et al., 2001), and is probably 
responsible for the declined CO2 compensation point in the absence of “dark” respiration in 
the light (G*) (from 37 µl· l-1 to 32 µl· l-1) (Häusler et al., 1999). Recently, a modified potato 
PC gene that renders its encoding protein lower Km (PEP) and a strongly reduced malate 
sensitivity was expressed under the control of duplicated 35S promoter in the potato plants. 
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The transgenic potato plants having 5-fold elevated PC activity showed an increased export of 
triose-P from chloroplasts and a metabolic shift of carbon flow from carbohydrate synthesis 
towards the production of organic acids (malate) and amino acids. However, no change in 
photosynthetic characteristics was observed (Rademacher et al., 2002). 
 
 
NADP-malate dehydrogenase (NADP-MDH): 
NADP-MDH (NADP-dependent malate dehydrogenase; EC 1.1.1.82) (Fig. 1, step 4) 
catalyses the following reaction, which strongly favors the formation of malate (Edwards et 
al., 1985; Hatch and Slack, 1969): 
 OAA + NADPH + H+ « malate + NADP+ 
In C4 plants, it is mainly located in mesophyll chloroplasts providing malate for the 
subsequent decarboxylation in bundle sheath cells. In the chloroplasts of C3 plants, the 
enzyme activity NADP-MDH is much lower (only 20%) than that in C4 plants and its role is 
uncertain (Edwards et al., 1985; Rocha et al., 1968). Since the chloroplastic membrane is 
impermeable to NADPH and reduced ferredoxin, it seems likely that the reducing equivalents 
are transferred from the stroma to the cytosol by a malate/OAA shuttle that is composed of 
the reduction of OAA to malate via NADP-MDH within chloroplasts, the export of malate to 
the cytosol (Ferté et al., 1982), and the oxidization of malate to OAA via a cytosolic NAD-
MDH (Krömer and Scheibe, 1996). NADP-MDH is subject to a reversible light/dark-
mediated covalent modification via ferredoxin-thioredoxin system. It is activated by reduction 
of an disulfide on its cysteine residue to a dithiol group driven by the light- induced 
photosynthetic electron transport, and is inactivated by oxidation of this dithiol group 
(Edwards et al., 1985; Leegood, 1997). 
cDNAs coding for NADP-MDH have been isolated from the C4 plants Flaveria trinervia 
(McGonigle and Nelson, 1995), maize (Metzler et al., 1989) and sorghum (Crétin et al., 
1990), from the facultative CAM plant Mesembryanthemum crystallinum (Cushman, 1989), 
and from the C3 plant pea (Reng et al., 1993). 
The cDNA encoding chloroplastic NADP-MDH from Sorghum vulgare Pers. has been 
transformed into tobacco under the control of the CaMV 35S promoter. As much as 3-fold 
higher activities and 2-fold higher L-malate content compared to control plants were observed 
in leaf extracts of transgenic tobacco lines (Gallardo et al., 1995). 
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NADP-malic enzyme (ME): 
ME [L-malate: NADP+ oxido-reductase (oxaloacetate decarboxylating); EC 1.1.1.40] (Fig. 1, 
step 5) catalyses the oxidative decarboxylation of L-malate in the presence of a divalent metal 
cation (Mg2+ and/or Mn2+) according to the following reversible reaction, which is very 
favorable in the direction of decarboxylation: 
 L-malate-2 + NADP+ « pyruvate-1 + CO2 + NADPH 
The enzyme is widely distributed in animal and plant tissues as well as in prokaryotic and 
eukaryotic microorganisms (Hansen and Juni, 1975; Häusler et al., 1987; Thorniley and 
Dalziel, 1988). Photosynthetic ME isoforms are located in bundle sheath chloroplasts of C4 
plants and in the cytosol of CAM plants donating CO2 to the Calvin cycle (see 1.1). Non-
photosynthetic ME isoforms are either plastidic or cytosolic in various organs of C3, C4 and 
CAM plants (Drincovich et al., 2001). Cytosolic non-photosynthetic MEs fulfill diverse 
housekeeping functions providing NADPH and pyruvate for the respiration, gluconeogenesis, 
and biosynthesis of lipids and isoprenoids, acting as a pH stat in combination with PC and 
MDH, and participating in the conversion of NADH to NADPH in a metabolic shunt of 
glycolysis (Adams and Rinne, 1981; Davies, 1986; Drincovich et al., 1998; Edwards and 
Andreo, 1992). Both plastidic and cytosolic non-photosynthetic MEs are involved in plant 
defense responses probably by directly providing NADPH and indirectly supplying 
phenylalanine for the pathogen- and wounding-related deposition of lignin and/or for UV-B 
radiation induced formation of flavonoids. In addition, the NADPH and pyruvate generated 
by the ME activity are used for respiration and as substrates for the cellular repair process 
(Casati et al., 1997; Casati et al., 1999; Drincovich et al., 2001 Walter et al., 1994).  
The most active form of ME is a homotetramer and dithiothreitol (DTT) is needed to maintain 
its quaternary structure in vitro (Edwards and Andreo, 1992). Isoforms of ME and their 
encoding multigene family have been intensively studied in the genus Flaveria (Lipka et al., 
1994 and the following publications). Three enzyme isoforms with molecular masses of 62, 
64 and 72 kD, respectively (Drincovich et al., 1998) are suggested to be C4-photosynthetic, 
plastidic as well as cytosolic non-photosynthetic isoenzymes encoded by the genes ChlMe1, 
ChlMe2 and CytMe, respectively (Lai et al., 2002a). Three CytMe transcript species with 
different sizes differing in the length of the 5 -´untranslated regions are proposed to be 
responsible for distinct physiological roles (Lai et al., 2002b). The 5 -´ and 3 -´ flanking regions 
of the ChlMe1 gene are important respectively fo r bundle-sheath specificity and high- level 
expression in leaves of F. bidentis (Drincovich et al., 1998; Marshall et al., 1996; Marshall et 
al., 1997). 
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Genomic clones for the ChlMe1, ChlMe2 have been isolated from the C4 plant F. bidentis 
(Marshall et al., 1996). cDNAs coding for the chloroplastic ME from C4 plants (e.g. maize), 
the cytosolic and plastidic isoenzymes from C3 plants (e.g. bean and F. pringlei), the 
facultative and obligate CAM plants (M. crystallinum and Aloe arborescens) (reviewed by 
Drincovich et al. in 2001), and for the C3-C4 intermediate F. linearis (Rajeevan et al., 1991) 
have been isolated and characterized. 
The cDNA encoding C4-type chloroplastic ME from maize has been transformed into rice 
under the control of rice Cab promoter by two research teams. The ME activity was increased 
up to 70- and 30-fold, respectively, causing a decrease in chlorophyll content and plant 
growth, and the bleaching of leaves. The authors have proposed that the latter phenotype was 
caused by photoinhibition due to a overreduction of NADP+ to NADPH in chloroplasts via 
high ME activities (Takeuchi et al., 2000; Tsuchida et al., 2001). 
Our group has constructed chimeric genes containing the cDNA encoding chloroplastic ME 
gene Me2 from F. pringlei (C3 plant) under the control of the constitutive CaMV 35S 
promoter or in the virus replicon expression system (Lipka, 1999). They were transferred to 
potato plants alone or in combination with a cppc construct. No desired ME protein was 
detected in potato regenerants after transformations with the latter construct (Lipka, 1999). 
With the former construct up to 6-fold increased ME activities were detected in chloroplast 
extracts of some transformed lines. In double transformants the effect of temperature on 
electron requirement was attenuated suggesting some suppression in the oxygenation reaction 
of Rubisco, which is more marked at high temperatures (Lipka et al., 1999). 
 
Pyruvate, orthophosphate dikinase (DK): 
DK (ATP: pyruvate, orthophosphate phosphotransferase; EC 2.7.9.1) (Fig. 1, step 6) catalyses 
the reversible phosphorylation of pyruvate and inorganic phosphate using the b- and g-
phosphoryl groups, respectively, of a single molecule of ATP by the following reaction 
(Matsuoka, 1995; Slack, 1968): 
 Pyruvate + AMP-Pb-O-Pg + Pi « PEPb  + AMP + PPig + 2H+ 
C4 and CAM plants have abundant chloroplastic DK that is responsible for the production of 
the primary CO2 acceptor PEP (Edwards et al., 1985). In C3 plants and some C3-C4 
intermediates DK is present in leaf extracts in very low activities (Aoyagi and Bassham, 
1984; Hata and Matsuoka, 1987; Imaizumi et al., 1997) indicating that DK is not involved in 
photosynthesis of these plants (Nomura et al., 2000). This enzyme has been suggested playing 
a role in the control of stomatal opening (Schnabl, 1981), the delivery of PEP for recapturing 
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respiratory CO2 and amino acid interconversions in developing seeds (Aoyagi and Bassham, 
1984), a metabolic response to water deficit and low-oxygen stress in various organs of rice 
(Moons et  al., 1998), and possibly in the supplementation of the stomatal pool of PEP 
normally imported from the cytosol (Chastain et al., 2002). In bacteria, it is involved in an 
alternative route for the formation of PEP in combination with ME via the gluconeogenic 
pathway in pck-mutants of Sinorhizobium meliloti (Osteras et al., 1997). 
Three endogenous DK genes were found in C4 monocot (maize), C4 dicot (Flaveria trinervia) 
as well as C3 monocot (rice) plants (Imaizumi et al., 1997; Moons et al., 1998; Rosche and 
Westhoff, 1995; Sheen, 1991). Two of them are overlapping genes that are transcribed under 
the control of a dual-promoter system generating a larger mRNA encoding chloroplastic DK 
and a smaller mRNA encoding a cytosolic isoenzyme, respectively. The larger transcript is 
expressed at high levels in the mesophyll cells of green leaves of C4 plants but at much lower 
levels in C3 plants. The smaller one is generally expressed in various organs of both C3 and C4 
plants at extremely low levels in leaves but at high levels in some reproductive organs. The 
third gene encodes another cytosolic DK isoform that has lower expression levels than the 
former one (Aoyagi and Bassham, 1985; Imaizumi et al., 1997; Matsuoka, 1995; Moons et 
al., 1998; Nomura et al., 2000). Native  DKs from C3 and C4 plants are homotetramers with 
the subunit molecular weights of 90-94 kD and 94-97 kD, respectively (Aoyagi and Bassham, 
1984; Hudspeth et al., 1986; Matsuoka, 1995). Its dissociation can be induced by the absence 
of Mg2+ as well as thio l compounds and by low temperatures. The cold- inactivated enzyme 
can be completely recovered by warming (Edwards et al., 1985; Sugiyama, 1973). 
Chloroplastic DKs in both C4 plants (Edwards et al., 1985; Leegood, 1997) and C3 plants 
(Chastain et al., 2002; Fukayama et al., 2001) are strongly and rapidly up-/down-regulated by 
light/dark transition through Pi-mediated dephosphorylation/ADP-dependent phosphorylation 
of a threonine residue, catalyzed by a bifunctional protein kinase/phosphatase (PDRP). 
cDNAs coding for the chloroplastic DK have been isolated from C4, CAM and C3 plants 
(reviewed by Matsuoka in 1995), and those encoding the cytosolic isoenzymes have been 
isolated from the sedge Eleocharis vivipara (Agarie et al., 1997) and the C3 plant rice (Moons 
et al., 1998). 
The cDNA coding for the C4 DK from maize has been transferred to the C3 plants 
Arabidopsis thaliana (Ishimaru et al., 1997), potato (Ishimaru et al., 1998), tobacco (Sheriff 
et al., 1998), and rice (Fukuyama et al., 2001). Its expression in the transformed plants under 
the control of Arabidopsis rbcS or CaMV 35S promoter, the coding region of CaMV 35S 
promoter behind a W sequence, and maize C4 pdk promoter resulted in up to 4-, 5.4- and 5-
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fold increased DK activities, respectively. In addition, the transformation of rice with intact 
maize C4 DK gene led to as high as 40-fold DK activities versus wild-type plants (Fukuyama 
et al., 2001). However, in none of these cases any significant effect on photosynthetic gas 
exchange was observed. Neverthe less, the carbon metabolism flux was altered in favor of the 
formation of PEP and malate (Ishimaru et al., 1998). 
Our group has constructed vectors containing the cDNA coding for C4-type DK gene from F. 
trinervia (Rosche and Westhoff, 1990) under the control of a duplicated CaMV 35S promoter, 
and transferred it to Nicotiana tabacum resulting in up to 10-fold increased DK activities in 
the transformants (Rademacher, 2002). 
 
Phosphoenolpyruvate synthase (PS): 
PS (ATP: pyruvate, water phosphotransferase; EC 2.7.9.2) (Fig. 1, step 7) catalyses the 
synthesis of PEP from pyruvate and ATP in the presence of divalent metal ion (Mg2+, Mn2+) 
by the following reversible reaction (Berman and Cohn, 1970; Cooper and Kornberg, 1965): 
 Pyruvate + ATP + H2O « PEP + AMP +Pi 
PS is not found in C4 or C3 plants, but in Enterobacteriaceae, some photosynthetic bacteria 
and in Acetobacter xylinum. Since it catalyses a similar reaction as DK, this alternative 
enzyme can substitute for DK (see Fig. 1). It is a key enzyme for bacterial growth on medium 
with pyruvate or lactate as the sole carbon and energy source, providing PEP for the 
anaplerotic formation of C4-intermediates of the TCA cycle. It also catalyzes the first step of 
gluconeogenesis starting from pyruvate (Cooper and Kornberg, 1967). The active enzyme is a 
dimer consisting of identical subunits with a molecular weight of ca. 84-88 kD (Geerse et al., 
1989; Niersbach et al., 1992; Panstruga et al., 1997). It is cold labile, and has a pH optimum 
of 8.4 for PEP synthesis and 6.8 for the reversal reaction (Cooper and Kornberg, 1969). 
Our group has transformed the potato plant with a chimeric gene containing the ppsA gene 
from E. coli, fused to a transit sequence of the small subunit of potato Rubisco (rbcS1), under 
the control of CaMV 35S promoter (Panstruga et al., 1997). PS activity was detected only in 
fractionated chloroplast extracts of transgenic plants. However, no significant effects on 
photosynthetic CO2 assimilation were observed for the transformants. 
 
Phosphoenolpyruvate carboxykinase (CK): 
CK [ATP (GTP): oxaloacetate carboxy- lyase (transphosphorylating); EC 4.1.1.49 (EC 
4.1.1.32)] (Fig. 1, step 8) catalyses the reversible ATP-dependent decarboxylation of OAA to 
PEP in the presence of Mn2+ according to the reaction (Hatch, 1973):  
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 OAA + ATP « PEP + ADP + CO2 
It occurs widely in a diverse range of plant tissues, yeasts, and bacteria (ATP-dependent), and 
in animals (mostly GTP-dependent) (Podkovyrov and Zeikus, 1993; Walker et al., 2001). 
Plant CKs have long been thought to operate primarily in leaf decarboxylation in leaves 
(Hatch, 1973). However, Chen et al. (2002) suggested that at physiological concentrations of 
Mn2+/Mg2+ (low micromolar Mn2+ and millimolar Mg2+) CKs operate as a carboxylase. CK is 
the major decarboxylating enzyme in the bundle sheath cytosol of the PCK-type C4 and CAM 
plants (1.1). In C3 plants such as cucumber, CK is cytosolic and plays an important role in 
gluconeogenesis during the germination of fat-storing seeds (Leegood and ap Rees, 1979). 
CK also plays a role in the CO2-concentrating mechanism of certain algae (Reiskind and 
Bowes, 1991) as well as in nitrogen metabolism (Walker et al., 1999). 
CKs from C4 plants, protists, animals and bacteria exist as hexamers, dimers or tetramers, and 
monomers, respectively (Finnegan and Burnell, 1995; Osteras et al., 1995). Plant CKs have 
amino acid sequences homologous to those for bacterial and fungal enzymes except that they 
possess an N-terminal extension with diverse lengths depending on species. It is subject to 
rapid proteolytic cleavage upon extraction of the enzyme at neutral pH resulting in the 
truncation of the polypeptide from the native 68-77 kD to 62-64 kD, but without affecting the 
CK activity (Leegood, 1997; Walker et al., 1995). The enzyme is most stable in the presence 
of MnCl2 and MgCl2 as well as DTT, and undergoes allosteric controls, activated by Cl- but 
inhibited by ATP in excess of Mn2+, and by 3-PGA, fructose-6-phosphate and fructose-1, 6-
bisphosphate (Burnell, 1986). The ratio of ATP to ADP in vivo strongly influences both the 
equilibrium of the reaction and the affinity of CK for the remaining substrates (Chen et al., 
2002; Walker et al., 2002). Additionally, a reversible protein phosphorylation of a residue(s) 
within the N-terminal extens ion of CK enhances the mechanism of adenylate regulation in the 
cotyledons of all germinating seedlings, and in the leaves of PCK-type CAM plants as well as 
some C4 plants (Walker et al., 1997, 2002). 
A number of cDNAs coding for CKs have been isolated from C4 plants (e.g. maize), C3 plants 
(e.g. cucumber) and bacteria (e.g. Sinorhizobium meliloti) (see Lipka, 1999). 
The cDNA coding for a C4-type CK from Urochloa panicoides fused to the rice rbcS transit 
sequence was expressed in rice plants under the control of the maize PC or DK gene promoter 
(Suzuki et al., 2000). High CK activities (max. 3 U/mg chlorophyll) were found in crude leaf 
extracts, which redirects carbon flow into a C4-like photosynthetic pathway. However, no 
significant effects were observed on the net photosynthetic rate and the CO2 compensation 
point. 
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Our group has constructed a chimeric gene containing the pckA gene from S. meliloti under 
the control of either CaMV 35S promoter or in the virus replicon expression system. Attempts 
to transfer it to the potato plant have failed. No regenerants could be obtained (Lipka, 1999). 
 
Oxaloacetate translocator (OAA translocator) and phosphoenolpyruvate/phosphate 
translocator (PT): 
Both OAA translocator (step 3) and phosphoenolpyruvate/phosphate translocator (step 9) are 
situated in the inner envelope membrane of chloroplasts and/or non-green plastids. 
OAA translocator exists in both C3 plants and C4 plants and transports OAA into chloroplasts 
with high specificity even in large excess of malate or other dicarboxylic acids (Hatch et al. 
1984). In mesophyll chloroplasts of NADP-ME-type C4 plants, this property ensures the 
transport of OAA to match the rate of photosynthesis. In these plants the cellular OAA 
concentrations are several orders of magnitude less than the malate concentration (Leegood, 
1997). Due to the competition of malate, it is almost impossible to transport OAA by a 
general dicarboxylate transporter. In C3 plants, the import of OAA, and export of the malate 
formed via chloroplastic NADP-MDH, linked to cytosolic NAD-MDH, function as a 
malate/OAA shuttle for transferring excess reducing equivalents from chloroplasts to the 
cytosol (Flügge, 1998; Krömer and Scheibe, 1996). In addition, the imported OAA can also 
be converted to aspartate for the  biosynthesis of various amino acids (Flügge, 1998). 
Moreover, part of the malate formed from OAA can be converted into pyruvate via ME, and 
used for the biosynthesis of pyruvate-family amino acids and fatty acids (Krömer and 
Scheibe, 1996). 
The transport of PEP in both C3 and C4 plants was demonstrated to be mediated by a 
phosphoenolpyruvate/phosphate translocator (PT) (Fischer et al., 1997; Flügge, 1998), which 
differs in structure and transport characteristics from the triose phosphate/phosphate 
translocator (TPTs) (Fischer et al., 1994; Flügge and Heldt, 1991), and hence was recently 
classified as a new translocator family. PTs transport inorganic phosphate preferentially in 
counterexchange with PEP. It plays an important role in supplying PEP from the cytosol for 
the chloroplasts and non-photosynthetic plastids (except the plastids of lipid-storing tissues), 
in which the glycolysis cannot proceed further than to 3-PGA due to the absence (or low 
activities) of phosphoglycerate mutase and/or enolase (Fischer et al., 1997). Imported PEP 
and the PEP-derived pyruvate can be used for the biosynthesis of fatty acids, PEP- and 
pyruvate-family amino acids, aromatic amino acids and their related secondary metabolites 
(e.g. flavonoids, and lignins), and isopentenyl compounds (e.g. carotenoids) (Flügge, 1998; 
Streatfield et al., 1999). In addition, it can serve as an interface between the plastidic and 
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cytosolic compartments during sustained recapture of respiratory CO2 by combined PC and 
DK in developing seeds, if DK is located in the plastids (Fischer et al., 1997). It has been 
suggested that in C4 plants PTs mediate the export of PEP from chloroplasts (Flügge, 1998). 
Tobacco has been transformed with the chimeric gene containing the cDNA coding for PT 
from cauliflower buds under the control of the CaMV 35S promoter, which led to 10-fold 
increase in transport rates for PEP in transformants relative to the wild type (U. I. Flügge, 
Cologne, unpublished results). Underexpression of PT gene in Arabidopsis led to a reticulate 
phenotype of leaves and a mesophyll cell-specific leaf morphology defect, which could be 
rescued by feeding aromatic amino acids (Streatfield et al., 1999). 
 
 
1.5 The task of the present study 
 
In the present study, a C4-like CO2 assimilation pathway (“C4-cycle”, see the model in Fig. 1) 
was to be established in the C3 plant Nicotiana tabacum in order to improve its photosynthetic 
efficiency. To fulfill this objective, the activities of the “C4-cycle” enzymes would be 
increased by overexpression of their encoding genes in the target plants. Two alternative “C4-
cycles”, i.e. NADP-ME-type and PCK-type C4-like pathways as illustrated in Fig. 1, were to 
be introduced into respective plants. In addition, since in nature some C4 plants such as maize 
utilize both ME and CK as decarboxylating enzymes to liberate CO2 from organic acids (1.1), 
it would be also of interest to create transgenic tobacco plants harboring both “C4-cycles” in a 
combination. 
 
To establish the “C4-cycle(s)” in tobacco plants heterologous genes encoding the concerned 
enzymes, except CA and NADP-MDH, should be transferred to wild-type tobacco. It was 
thought improbable that endogenous activities of CA and NADP-MDH could limit the 
operation of such “C4-cycle(s)”. As for the introduction of other enzymes, the expression 
patterns of their encoding genes and the posttranslational regulation of the produced proteins 
in the target plants should be taken into account. To avoid continuous large changes in 
metabolism within the whole plant, it might be better to express these foreign genes in a light-
inducible and leaf-specific manner. However, there was no promoter available for this study 
rendering such controls to the gene expression. Instead, the constitutive CaMV 35S promoter 
has led to satisfactory gene-expression level in transgenic potato plants during previous 
studies of our group (1.4). Another available expression system based on a viral replication 
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mechanism was expected to give rise to high- level gene expression in plants (see Materials 
2.3). Both of these gene expression systems were to be utilized in the present study. Genes 
originated from bacteria may sometimes undergo the suboptimal translation caused by 
different codon-usages in transgenic plants. Some enzymes e.g. PC, DK and CK origina ted 
from plants are subject to reversible phosphorylation (1.4), which can influence their enzyme 
activities in transgenic plants. However, such regulatory properties are not apparent for 
bacterial enzymes. In addition, C4 and C3 isoenzymes differ from each other in kinetic 
properties having respective advantages and disadvantages. For instance, C4 isoform PCs 
have lower sensitivities to inhibition of malate than their C3 counterparts, but they have lower 
substrate affinities as well as turnover numbers (1.4). Gene modifications may make a 
contribution to combining the advantages of both isoenzymes. A site-directed mutagenesis of 
the phosphorylation site of potato ppc gene has resulted in a reduction in the sensitivity of its 
encoding enzyme to malate inhibition while its affinity for PEP remains high (Rademacher et 
al., 2002). If all of the “C4-cycle(s)” enzymes were to be optimized with respect to their 
kinetic and regulatory properties, it would take considerable time before any plant could have 
been transformed. Hence, for most enzymes except for PC the available genes and constructs 
were to be employed in the present study. These constructs include those carrying the genes 
or cDNAs coding for ME from the C3 plant F. pringlei, DK from the C4 plant F. trinervia, CK 
from the bacterium S. meliloti, PS from the bacterium E. coli, and for PT from the C3 plant B. 
oleracea, respectively. For the overexpression of foreign PC in the target plants, four 
constructs carrying cppc, eppc, fppc and Stppc (see Materials 2.3) were available. Since 
transformations of potato with these ppc-constructs showed that cppc-construct gave rise to 
the most significant elevation of PC activity (1.4), it was chosen for the transformation of 
tobacco in the present study. In addition, the above-mentioned modified potato ppc gene 
would also be transferred to the target plants. After transformations the expression of 
transgenes in the target plants would be examined at the levels of mRNA, protein and/or 
enzyme activity. 
 
To obtain the tobacco plants containing all the desired foreign enzymes, three possible 
approaches may be pursued: 1) co-transformation, i.e. more than one single gene constructs 
were to be transformed simultaneously; 2) transformation with one plasmid carrying more 
than one gene; 3) crossing, i.e. single gene transformants would be stepwise crossed with each 
other. The former two approaches would need shorter time than the third one and thus seemed 
to be advantageous to the latter. Since the construct for the second approach was not yet ready 
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for use, the first one was to be employed at the beginning of this study. Since it is unclear how 
the “C4-cycle(s)” enzymes could work well in concert regarding their absolute activities and 
activities relative to each other, it would be necessary to screen a large number of transgenic 
plants for various activity combinations of these enzymes. 
 
The effects of the increased “C4-cycle(s)” enzyme activities on the biochemical and 
physiological characteristics and growth of the plants screened out would be investigated. 
Determinations were to be performed in terms of the contents of some primary and secondary 
metabolites, activities of some endogenous enzymes, photosynthesis parameters, and plant 
growth under various environmental conditions. If an operation of “C4-cycle(s)” is achieved 
in transgenic tobacco plants, one might expect some alterations in their CO2 assimilation in 
favor of the suppression of photorespiration. It could be that this suppression would be only 
observed under certain environmental conditions such as low CO2 concentrations and/or high 
temperatures. Because the net CO2 assimilation rates are directly correlated to plant yields 
(1.3), several changes in plant growth e.g. growth rates, biomass production and the formation 
of reproductive organs might occur in these plants as well. On the other hand, it might be also 
possible that some unfavorable side-effects neutralize or even counteract these positive 
effects. 
 
 
In the present study, transgenic tobacco plants containing enzymes for either NADP-ME-type, 
PCK-type or both types of C4-like pathways were created by means of transformations and 
stepwise crossing of single gene transformants. Changes in biochemical and/or photosynthetic 
characteristics were observed in single, doub le as well as multiple gene overexpressors. 
Transgenic tobacco plants also showed some alterations in growth rate, biomass production 
and formation of reproductive organs in ambient air conditions. First attempts were also made 
to screen transgenic plants in lowered concentrations of CO2. In addition, a truncated cDNA 
for maize PC was completed with the missing sequences. The function of its encoding 
enzyme was investigated in a prokaryotic expression system. 
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2 Materials 
 
 
2.1 Chemicals and enzymes 
 
The chemicals in p.a.-quality used were bought from the companies MERCK, SERVA, 
SIGMA, BOEHRINGER MANNHEIM and AMERSHAM.  
The yeast extract, peptone, beef extract and Bacto-agar were from GIBCO BRL. 
Enzymes, including the restriction enzymes and DNA-modification enzymes, and restriction 
kits were from FERMENTAS, BOEHRINGER MANNHEIM, PHARMACIA-LKB, GIBCO 
BRL, UNITED STATES BIOCHEMICAL, BIOZYM and NEW ENGLAND BIOLAND 
BIOLABS. 
 
 
2.2 Bacterial strains  
 
Escherichia coli 
 
· DH5a 
F-, Lambda-, recA1, endA1, hsdR17 (rK-, mK+), (lacZYA-argF), supE44, U169, 
F80dlacZDM15, thi-1, gyrA96, relA1 (Hanahan, 1983) 
This bacterial strain possesses a modified recombination system (recA1), which results in 
reduced recombination probability, and lacks endonuclease (endA1). It was therefore used 
in the cloning experiments. 
 
· PCR1 
F-, recA1, arg, leu, thr, thi, rpsL, ppc2 (Sabe et al., 1984) 
This bacterial strain does not form active phosphoenolpyruvate carboxylase (PC) (mutation 
in PC gene ppc2). It was thus used in the PC-phenotypic complementation test. 
 
Agrobacterium tumefaciens 
 
· C58C1 (pGV2260): Rif r, Cbr (Deblaere et al., 1985) 
This Agrobacterium strain harbors a non-oncogenic Ti plasmid pGV2260 that represents 
one component of the binary vector system described by above authors. This plasmid 
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contains the vir-region as well as the gene for carbenicillin resistance. After introduction of 
derivatives of plasmid pVL2 (Lipka, 1999), it was used for the transformation of tobacco 
on the basis of hygromycin resistance. 
 
· GV3101 (pMP90RK): Gmr, Kmr, Rif r (Koncz and Schell, 1986) 
This Agrobacterium strain contains a non-oncogenic Ti plasmid pMP90RK that represents 
one component of the binary vector system described by above authors. This plasmid 
contains the vir-region as well as the genes for gentamycin and kanamycin resistances. 
After introduction of derivatives of the plasmid pS (Becker, 1990), this bacterial strain was 
used for the transformation of tobacco plants on the basis of kanamycin resistance. 
 
Sinorhizobium meliloti 
 
· S. meliloti 2011: wild type, Smr (Aguilar et al., 1985) 
From this bacterial strain proteins were isolated and used as positive control for 
immunological detection of phosphoenolpyruvate carboxykinase (CK) in Western blot 
analyses. 
 
 
2.3 Plasmids  
 
· pTrc 99A (GenBank: U13872): 
a prokaryotic expression vector, 4176 bp, bla (Ampr), lacIq, IPTG inducible trc promoter, 
polylinker with start codon ATG, rrnB transcription terminator 
 
· pS-5 U´Tcppc (Gehlen et al., 1996), pS-ME (Lipka et al., 1999), pS-rLpps (Panstruga et 
al., 1997) and pS-Lpck (Lipka, 1999): 
four derivatives of the plasmid pS carrying the “C4-cycle” genes cppc, Me2, ppsA and 
pckA, respectively 
pS (Becker, 1990) is a derivative of the plasmid pCV002 as one component of the binary 
plant expression vector described by Koncz and Schell (1986), approx. 9260 bp, carries the 
promoter of the 35S gene (P35S) from cauliflower mosaic virus (CaMV) and termination 
sequence of CaMV 35S gene (pA35S), confers E. coli Ampr and A. tumefaciens Cbr (bla), 
and plants Kmr (nptII). 
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pS-5 U´Tcppc carries the coding sequence of ppc gene (3.0 kb) from Corynebacterium 
glutamicum (Eikmanns et al., 1989) and a 5 -´untranslated region of chalcone synthase 
from Petroselinum hortense. 
pS-ME carries a Me2 cDNA (2.2 kb) from C3 plant Flaveria pringlei (GenBank: X78069) 
(Lipka et al., 1994) including a native transit sequence. 
pS-rLpps carries a chimeric gene composed of the ppsA gene (2.8 kb) from Escherichia 
coli (Niersbach et al., 1992) and potato rbcS1 transit sequence. 
pS-Lpck carries a chimeric gene composed of the full coding sequence of pckA gene (1.8 
kb) from Sinorhizobium meliloti (GenBank: U15199) (Osteras et al., 1995) and potato 
rbcS1 transit sequence. 
 
· pSPAMh-pdk-me-tpt: 
a derivative of the plasmid pSPAMh triply carrying pdk gene from Flaveria trinervia 
(Rosche and Westhoff, 1990), Me2 gene from F. pringlei and ppt gene from Brassica 
oleracea (Fischer et al., 1994), 16037 bp 
pSPAMh is a derivative of the binary plant expression vector pPAM (GenBank: 
AY027531), approx. 6.8 kb, containing two scaffold attachment regions (SARs) of the 
tobacco RB7 gene (GenBank: U67919) between which expression cassettes could be 
inserted, rendering plants Hygr (hpt). The genes are expressed under the control of CaMV 
35S promoter (P35S) or that with duplicated enhancer region (P35SS). 
 
· pSPAMks-StSD and pSPAMks-St (Rademacher et al., 2002): 
two derivatives of the plasmid pSPAM respectively carrying StppcS9D-C4 (2.9 kb) and 
Stppc-C4 (2.9 kb), two genes of modified ppc1 from Solanum tuberosum (GenBank: 
X90982) 
pSPAMk is a binary plant expression vector similar to pSPAMh (see above) but rendering 
plants Kmr (nptII). 
For both StppcS9D-C4 and Stppc-C4, the sequence of S. tuberosum ppc1 gene coding for the 
amino acids from positions 384 to 420 has been substituted by a corresponding sequence of 
ppcA gene from Flaveria trinervia. For StppcS9D-C4 an additional modification has been 
performed, whereby Glu7, Lys8, and Leu9 are replaced by a Ser, and Ser11 is replaced by 
Asn. 
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· pSPM (Becker, 1990): 
a derivative of the binary vector pS carrying cDNA for maize PC but lacking the N-
terminal coding sequence including the start codon and upstream untranslated region, 
12.53 kb 
 
· pSS-ftpdk (Rademacher, 2002): 
a derivative of the binary vector pSS (Becker, 1990) carrying a pdk cDNA from F. 
trinervia (2.9 kb) (Rosche and Westhoff, 1990), 12510 bp, a W-sequence from TMV 
upstream of the truncated native 5 U´T region, rendering plants Kmr (nptII) 
pSS is a derivative of the plasmid pCV002 (Koncz and Schell, 1986), approx. 9530 bp, 
carries CaMV 35S promoter with duplicated enhancer regions (P35SS). 
 
· pBinAR-W3 (Rainer Häusler, at the Botanisches Institut, Universität zu Köln, Cologne, 
Germany, personal communication): 
a derivative of the binary vector pBinAR carrying a cDNA (1.4 kb) for 
phosphoenolpyruvate translocator (PT) from non-green plastids of Brassica oleracea var. 
botrytis (GenBank U13632) (Fischer et al., 1997). 
pBin AR (Höfgen and Willmitzer, 1990) is a derivative of the binary vector pBin 19 
(GenBank XXU09365) carrying an expression cassette (770 bp) that consists of CaMV 
35S promoter, a partial pUC18 polylinker and the OCS terminator, 12095 bp 
 
· pVL-cppc, pVL-eppc, pVL-stppc, pVL-ME, pVL-Lpps and pVL-Lpck (Lipka, 1999): 
six derivatives of the plasmid pVL2 carrying the “C4-cycle” genes cppc (see above), eppc 
(Gehlen, 1996), Stppc (GenBank: X90982), Me2 (see above), ppsA (see above) and pckA 
(see above), respectively 
pVL2 (Lipka, 1999) is a derivative of the plasmid pBINHygTX (Gatz et al., 1992) as one 
component of the binary plant expression vector described by Deblaere et al.  (1985), 
16714 bp, carrying a modified cDNA sequence of cucurbit aphid-borne yellow virus 
(CABYV), CaMV 35S promoter (P35S), termination sequence of the 7th gene of A. 
tumefaciens Ti plasmid, confers bacteria Kmr (aphA-3) and plants Hygr (aph). 
 
Schematic representations of examples of above-described T-DNA constructs are given 
below: 
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pS-5'UTcppc (12335 bps) 
LB 
pBR322ori 
bla 
pA35S 
pS-3v      cpc -5v (800 bp) 
pS3'           3.2 kb             pS5' 
cppc  
5'UTChs  
P35S 
pAocs 
Pnos  
nptII 
RB 
  
pS-ME (11295 bps) 
LB 
pBR322ori 
bla pA35S 
pS-3v  me-5v (413 bp) 
pS3'       2.2 kb       pS5' 
fpme ct P35S 
pAocs 
nptII Pnos 
RB 
  
pS-Lpck (11289 bps) 
LB 
pBR322ori 
bla pA35S 
pS3'       2.1 kb       pS5'   
pS-3v    pck-5v (500 bp) 
ct-rbcs1 
pckA P35S 
pAocs 
nptII Pnos 
RB 
  
pS-rLpps (11893 bps) 
LB 
pBR322ori 
bla 
pA35S 
pS-3v      pps -5v (680 bp) 
pS3'         2.8 kb           pS5' 
ppsA 
ct-rbcs1 
P35S 
pAocs 
nptII 
Pnos 
RB 
  
pSS-ftpdk (12510 bps) 
LB 
pBR322ori 
bla pA35S 
pS3'             3.1 kb            pS5' 
pS-3v   dk -5v (616 bp) 
ct ftpdk  
OL 
P35SS 
pAocs 
nptII 
Pnos  
RB 
  
pSPAMks-StSD (10724 bps) 
LB 
pAocs 
nptII Pnos  
SAR  
P35SS 
pS5'               3.2 kb                  pS3' 
TL 
stppc(S9D)-C4 
stpc -5v  pS-3v' (214 bp) 
pA35S 
SAR  RB 
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LB and RB = left and right border sequences of Ti-plasmid of A. tumefacience; Pnos = promoter of the gene for 
nopaline synthase; nptII = coding sequence of the gene for neomycin phosphotransferase II; aph and hpt = 
coding sequences of the genes for hygromycin phosphotransferases; pAocs and pAg7 = termination sequences 
of the gene 7 of Ti plasmid from A. tumefacience and of the gene for octopine synthase, respectively; P35S and 
P35SS = single and duplicated promoter sequences of the 35S gene from cauliflower mosaic virus (CaMV); 
pA35S = termination sequence of CaMV 35S gene; 5 U´TChs = 5 -´untranslated region of chalcone synthase from 
Petroselinum hortense ; OL = W-sequence from tobacco mosaic virus; TL = 5 -´untranslated region of tobacco etch 
virus; SAR = scaffold attachment region of the tobacco RB7 gene; CABYV-5  ´ and -3  ´ = 5 -´ and 3 -´ regions of 
modified CABYV-cDNA sequence; ct = native transit sequence of the concerning genes ; ct-rbcs1 = transit 
sequence for Rubisco small subunit from S. tuberosum ; bla = gene for b-lactamase; pBR322ori and M13ori = 
replication origins for E. coli; boppt = botpt = ppt gene from B. oleracea (Fischer et al., 1997); cppc = ppc gene 
from C. glutamicum ; fpme = ME2mod = 3 -´terminus -modified Me2 gene from F. pringlei (Lipka, 1999); ftpdk = pdk 
gene from F. trinervia; pckA = pck  gene from S. meliloti; ppsA = pps gene from E. coli; Stppc(S9D)-C4 = modified 
ppc gene from S. tuberosum . 
 
2.4 Plant material 
 
· Nicotiana tabacum L. cv. Petit Havana SR1 (Maliga et al., 1973) 
This tobacco line was used for the transformation with various “C4-cycle” gene constructs. 
 
 
pSPAMh-pdk-me-ppt (15972 bps) 
LB 
pAg7 
hpt 
Pnos 
SAR 
P35SS 
pS5´ 1.7 kb  pS3  ´
TL 
ct boppt 
pA35S 
P35S 
pS5´  2.2 kb  pS3  ´
ct fpme 
me3'   2.1 kb   ppdk1 
pA35S 
P35SS 
pS5´       3.1 kb       pS3  ´
OL 
ct ftpdk  pA35S 
SAR RB 
pBinAR-W3 (13498 bps) 
LB M13ori 
P35S 
ppt1  ppt2 (294 bp) 
ct boppt 
tpt -5v  pS-3v (321 bp) 
pAocs 
pAnos 
nptII Pnos 
RB 
pVL-ME (18736 bps) 
LB 
P35S 
CABYV-5' 
ct fpme 
CABYV-3' 
Pnos 
aph pAg7 
RB 
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· Nicotiana tabacum PCSD10T0 and PCSF37T0 (Rademacher, 2002) 
They are transgenic lines of Nicotiana tabacum L. cv. Petit Havana SR1, obtained by 
transforming wild-type tobacco with the plasmids pSPAMks-StSD and pSPAMks-St (see 
2.3), respectively. They showed respectively constitutive expression of PCSD and PCSF, 
which are differentially modified phosphoenolpyruvate carboxylase (PC) from S. 
tuberosum. They were used for crossing with transgenic tobacco plants harboring other 
“C4-cycle” enzymes. 
 
· Nicotiana tabacum DK18T0 (Rademacher, 2002) 
This is a transgenic line of Nicotiana tabacum L. cv. Petit Havana SR1, obtained by 
transforming wild-type tobacco with the plasmid pSS-ftpdk (see 2.3). It showed 
constitutive expression of pyruvate, orthophosphate dikinase (DK) from F. trinervia. They 
were used for crossing with transgenic tobacco plants harboring other “C4-cycle” enzymes. 
 
· Nicotiana tabacum W9/8, W16/4 and W16/6 (Rainer Häusler at the Botanisches Institut, 
Universität zu Köln, Cologne, Germany, personal communication) 
They are transgenic lines of Nicotiana tabacum L. cv. Petit Havana SR1, obtained by 
transforming wild-type tobacco with the plasmid pBinAR-W3 (see 2.3). They showed 
constitutive expression of phosphoenolpyruvate translocator (PT) from Brassica oleracea 
var. botrytis. They were used for crossing with transgenic tobacco plants harboring other 
“C4-cycle” enzymes. 
 
· Zea mays L. cv. Helix 
This maize line was used for the isolation of its genomic DNA, which served as a template 
of PCR reaction for completing a truncated cDNA for maize PC. 
 
 
2.5 Synthetic oligonucleotides 
 
The oligonucleotides used in this study were synthesized by MWG-BIOTECH. 
 
pS5  ´ 5 -´GAC CCT TCC TCT ATA TAA GC-3  ´(20mer) 
 
pS3  ´ 5 -´CAC ACA TTA TTC TGG AGA AA-3  ´(20mer) 
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me3  ´ 5 -´CCG CAA CTA CCG TTA AAC TT-3  ´(20mer) 
 
ppdk1 5 -´TGC CAA ACA CCA TGC TTT GA-3  ´(20mer) 
 
ppt1 5 -´AGA TCT CCC ACG ATG CAG AG-3  ´(20mer) 
 
ppt2 5 -´CCA CTT CCT TCT CCT TCC TC-3  ´(20mer) 
 
RT1 5 -´AAC CTG CTT GTT GTA GAT GTT G-3  ´(22mer) 
 
pS3v 5 -´GGG AAC TAC TCA CAC ATT ATT CTG GAG-3  ´(27mer) 
 
cpc-5v 5 -´GTG AGA TCT CTG AGC TCA GCT TG-3  ´(23mer) 
 
Stpc-5v 5 -´CAA AAC CAG CTA CAG AAC TTG TGA ACC-3  ´(27mer) 
 
me-5v 5 -´CCA GTC CAA CAA TGC ATA TAT CTT CCC-3  ´(27mer) 
 
dk-5v 5 -´CTG TAA TAC CAG AGA TCA TGG TTC CG-3  ´(26mer) 
 
pps-5v 5 -´AGA TGA AGA GAA CCC GAT GCT CG-3  ´(23mer) 
 
pck-5v 5 -´GAA CAA CGC CTC GTT CCG CAC-3  ´(21mer) 
 
tpt-5v 5 -´CTA AGA CTG CCT AAG CAA ACT ATC TGC-3  ´(27mer) 
 
Zm1 5 -´TGC TTA GCT TCC CGC CGC GCC AT-3  ´(23mer) 
 
Zm2 5 -´GTT CTT GAG CGC CTC GAA CAC CT-3  ´(23mer) 
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2.6 Antisera 
 
Primary antibodies: 
· Anti-C. glutamicum-PC-Serum (Gehlen et al., 1996) 
This polyclonal antiserum was prepared from rabbit immunized with PC from 
Corynebacterium glutamicum (PCC). 
 
· Anti-E. coli-PC-Serum (Gehlen et al., 1996) 
This polyclonal antiserum was prepared from rabbit immunized with PC from Escherichia 
coli (PCE). 
 
· Anti-F. trinervia-PC-Serum (Merkelbach, 1994) 
This polyclonal antiserum was prepared from rabbit immunized with a specific epitope of 
17 amino acids (aa383-399) of C4 isoform PC from Flaveria trinervia (PCF). 
 
· Anti-S. tuberosum-PC-Serum (Panstruga et al., 1997) 
This polyclonal antiserum was prepared from rabbit immunized with PC from Solanum 
tuberosum (PCSt). 
 
· Anti-S. meliloti-CK-Serum (Lipka, 1999) 
This polyclonal antiserum was prepared from chicken immunized with the fusion protein 
composed of glutathion S-transferase (GST) and CK from Sinorhizobium meliloti. 
 
· Anti-F. pringlei-ME-Serum (Lipka et al., 1997) 
This polyclonal antiserum was prepared from chicken immunized with the fusion protein 
composed of GST and ME from Flaveria pringlei. 
 
· Anti-E. coli-PS-Sera (Panstruga et al., 1997) 
Two polyclonal antisera were prepared from rabbit immunized with native or denatured 
PEP synthase (PS) from the E. coli strain DH5a (p29). By usage both of them were diluted 
and mixed. In addition, 15% MgCl2 ´ 6 H2O was added to the mixture to reduce unspecific 
binding. 
 
Before use most of these antibodies, except that against PS (1/6667), were diluted to 1/500. 
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Secondary antibodies: 
 
· Alkaline phosphatase-conjuncted goat anti-rabbit IgG (H+L) 
It was used for detecting all the “first antibodies” prepared from rabbit. 
 
· Alkaline phosphatase-conjuncted rabbit anti-chicken IgY (IgG), Fc fragment specific 
It was used for detecting all the “first antibodies” prepared from chicken. 
 
Alkaline phosphatase helps to yield a visible reaction product to locate the bound secondary 
antibodies. The dilution of antibodies was performed according to the producer’s direction 
(DIANOVA). 
 
 
2.7 Instruments and consumables 
 
· Agarose gel electrophoresis accessories: electrophoresis chambers, gel carriers and combs, 
power sources (the mechanical workshop of the Institute of Biology, RWTH Aachen). 
· Air-tight Plexiglass chamber (the mechanical workshop of the Institute of Biology, RWTH 
Aachen). 
· Automatic Sequencer: “4200L-2” (LI-COR) 
· Centrifuges: “RC-5B” and “RC-5B” with GS-3 and SS-34 rotors (SORVALL), “Varifuge 
RF” with 5315 rotor (HERAEUS) for Falcon tubes, “Biofuge A” and “Hermle” 
(HERAEUS) for Eppendorf tubes 
· Cuvettes: quartz glass cuvettes (HELLMA), disposable cuvettes (SARSTEDT) 
· Disposable reaction tubes: 1.5 and 2 ml (EPPENDORF); 15 and 50 ml (FALCON) 
· Electroblotting apparatus: “mini-transblot” (BIO-RAD) 
· Electropestle: motor-driving stainless steel pestle for 1.5 ml Eppendorf tubes (driven by a 
RZ O type motor, HEIDOLPH) 
· Electrophoresis chamber: horizontal electrophoresis unit “Multiphor II” (PHARMACIA); 
vertical mini gel apparatus “Mini Protean II Dual Slab Cell” (BIO-RAD) 
· Nitrocellulose membrane: “Hybond C” and “Hybond ECL” (AMERSHAM) 
· Photographic apparatus: camera “429K”; software “E.A.S.Y. store Win 32” (HEROLAB) 
 31  
· Photometer: “Uvikon 930” (KONTRON) with 12 temperature-controlled cuvette holders; 
Gene Quant RNA/DNA calculator (PHARMACIA) 
· Radioactivity detector: Berthold LB 2842 automatic TLC-Linear Analyzer 
· Sterile filter: with the pore size of 0.22 µm (MILLIPORE) 
· Thermocycler: “UNO-thermoblock” (BIOMETRA) 
· Thin layer chromatography plate: TLC-Aluminium sheet Kieselguhr F254 pre-coated (20 ´  
20 cm, thickness: 0.2 mm) (MERCK) 
· Ultrasonic cell disintegrator: Labsonic U (B. BRAUN, Melsungen) 
· UV transilluminator: GS Gene Linker (BIO-RAD) 
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3 Methods 
 
 
3.1 Molecular biological methods  
 
The molecular biological techniques employed in the present study are based on the methods 
described by Sambrook et al. (1989). The usage of restriction endonucleases and DNA-
modifying enzymes were according to the manufacturers’ introductions. 
 
 
3.1.1 Isolation of plasmid DNA from E. coli 
 
Plasmid DNA minipreparation (“boiling-prep” method): 
 
This method described by Holmes and Quigley (1981) was routinely applied for rapid 
preparation of plasmid DNA for restriction analyses. It is suitable for the isolation of plasmid 
DNA from endA1 E. coli strain. 
 
· A single bacterial colony was grown in 5 ml of LB liquid medium containing appropriate 
antibiotics at 37°C overnight. 
· 1.5 ml culture was transferred to an Eppendorf tube and cells were harvested by 
centrifugation (13000 rpm, 1min on Biofuge A). 
· Pellet was resuspended in 110 µl of STETL buffer and incubated in a boiling water bath 
for 30 sec. 
· After centrifugation (13000 rpm, 15 min, Biofuge A), the resulting pellet was removed 
with a sterile toothpick. 
· 110 µl of isopropanol was added to precipitate plasmid DNA, followed by centrifugation 
(13000 rpm, 4°C, 15 min on Hermle). 
· After sucking off supernatant, the pellet of nucleic acids was dried at 37°C for 5-10 min. 
· Plasmid DNA was resuspended in 25 µl of sterile H2O. 
 
STETL buffer: Sucrose 8% (w/v) 
 Triton X-100 5% (v/v) 
 EDTA (pH 8.0) 50 mM  
 Tris-HCl (pH 8.0) 50 mM 
 Lysozyme 0.5 mg/ml (added immediately before use) 
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Plasmid DNA maxipreparation: 
 
This preparation was performed when large-scale and pure plasmid DNA was required. 
QIAGEN Plasmid Maxi Kit was used for this purpose. 
 
 
3.1.2 Isolation of plant genomic DNA 
 
Plant genomic DNA was prepared from leaves by means of salt-extraction method as 
described by Aljanabi and Martinez (1997). 
 
· 50-100 mg young plant leaves were homogenized in 400 µl of homogenizing buffer with 
the aid of an electropestle for 15 sec. 
· 40 µl of 20% SDS and 8 µl of 20 mg/ml protease K were added and mixed well. 
· The sample was incubated at 55-65°C for at least 1 h. 
· 300 µl of 6 M NaCl was added, followed by vortexing at the maximum speed for 30 sec. 
· After centrifugation (13000 rpm, 30 min, Biofuge A), the supernatant was transferred to a 
fresh tube. 
· An equal volume of isopropanol was added and mixed well, and genomic DNA was 
precipitated at -20°C for 1 h, followed by centrifugation (13000 rpm, 4°C, 20 min, 
Hermle). 
· The resulting pellet was washed with 300 µl of 70% ethanol, dried and resuspended in 
300-500 µl of sterile H2O. 
 
Homogenizing buffer: NaCl  400 mM 
 Tris-HCl (pH 8.0) 10 mM 
 EDTA (pH 8.0) 2 mM 
 
 
3.1.3 Agarose gel electrophoresis 
 
After digestion with restriction enzymes, DNA fragments were separated on an agarose gel 
with an appropriate concentration (0.8-2%, depending on the fragment sizes) by 
electrophoresis. 0.25 µg/ml ethidium bromide was contained in the gel and  the running buffer 
(1 ´ TAE) to facilitate the visualization of DNA under ultraviolet (UV) light. 1 µg lambda 
DNA digested with PstI or 1kb DNA ladder served as a DNA size marker. After 
electrophoresis the gel was documented by photographing under an UV-light transilluminator 
(l = 302nm) through an orange filter. 
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50 ´ TAE buffer (pH 7.9): Tris 2M 
 Glacial acetic acid  1M 
 EDTA (pH 8.0) 50 mM 
 
10 ´ Loading dye solution: Ficoll (type 400) 10% 
 Bromophenol blue 0.25% 
 Xylene cyanol FF 0.25% 
 EDTA 0.25 M 
 
 
3.1.4 Isolation of DNA fragments from agarose gels 
 
To isolate DNA fragments (70 bp - 10 kb) from agarose gels, the QIAquick Gel Extraction 
Kit (QIAGEN) was employed according to the manufacturer’s instruction. 
 
 
3.1.5 Polymerase chain reaction (PCR) 
 
Polymerase chain reaction (PCR) is a method for enzymatic amplification and modification of 
a target DNA sequence flanked by two known sequences (Saiki et al., 1988). Two synthetic 
oligonucleotides complementary to the (+)- and (-)-strands, respectively, of this sequence are 
used as primers. After heat denaturation of the target double-stranded DNA, these primers 
hybridize to its opposite strands. New (-)- and (+)-strands fragments are then synthesized 
across the region between these primers by the catalysis of a thermostable Taq DNA 
polymerase. The newly created DNA strands are themselves templates for the PCR primers. 
Repeated cycles of denaturation, primer annealing, and extension can result in an exponential 
accumulation of the target DAN fragment. 
The reaction conditions (e.g. template concentration, annealing temperature and extension 
duration) were optimized for individual experiments (see results) on the basis of following 
standard conditions: 
 
Standard PCR mixture:  Template DNA 1 ng plasmid DNA or 100 ng genomic DNA 
 Primer 1 0.3 µM 
 Primer 2 0.3 µM 
 dNTP mix each dNTP 0.2 mM  
 MgCl2  1.5 mM 
 Taq-polymerase 1 U 
 10 ´ PCR buffer 5 µl 
 Milli-Q H2O up to 50 µl 
 
The sample was overlaid with 25 µl of mineral oil to protect it from evaporation. The 
reactions took place in a thermocycler with the following program: 
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PCR-program: Initial denaturation 2 min, 94°C 
 Denaturation 30 sec, 94°C 
 Annealing 20 sec - 1 min, 50-60°C 
 Extension 1 min/kb DNA to be amplified, 72°C 
 Final extension 3 min, 72°C 
 
3.1.6 Sequencing of plasmid DNA 
 
The method used for the sequencing of double-stranded plasmid DNA is based on the 
dideoxy-mediated chain-termination method (Sanger et al., 1977). Thermo Sequenase 
fluorescent labeled primer sequencing kit with 7-deaza-dGTP (AMERSHAM) was employed 
for the sequencing reaction. A LI-COR automatic sequencer was used for separating and 
detecting the products of sequencing reactions. 
The sequencing reaction, a modified PCR in which only one primer is used, is also called 
“cycling sequencing”. DNA to be sequenced serves repeatedly as a template for the synthesis 
of new DNA strands via DNA-polymerase during the cycles. In the reaction mixtures 
containing both deoxyribonucleoside triphosphates (dNTPs) and their analogues 2 ,´3 -´
dideoxyribonucleoside triphosphates (ddNTPs), a growing nucleotide chain cannot be 
extended further when a ddNTP (terminator) is randomly incorporated into it instead of 
dNTP. Since it is impossible to distinguish with which of four ddNTPs the sequence is 
terminated, four separate reactions with individual ddNTPs must be performed. In each of 
them, the concentration ratio of a dNTP and its corresponding ddNTP is so designed that only 
partial incorporation of the terminator occurs. As a consequence, a mixture of fragments of all 
possible lengths all having the same 5´  and with the terminator at the ir 3  ´ ends is obtained. 
These mixtures are fractionated by electrophoresis on denaturing polyacrylamide gels. 7-
deaza-dGTP present in the nucleotide mixtures can eliminate the compression phenomenon 
during electrophoresis. Since the primers employed in the reactions are 5 -´fluorescent  
labelled, the DNA fragments can be detected when they pass a laser beam that induces the 
fluorescence. The pattern of DNA bands, which showed the distribution of individual dNTPs 
in the DNA studied, is automatically recorded by a computer. 
 
· DNA-primer mixture was pipetted on ice. 
DNA-primer mixture: DNA (approx. 130 ng/kb plasmid) 0.2 pmol 
 Primer 1-2 pmol 
 DMSO 1 µl 
 Milli-Q H2O up to 21 µl 
35 cycles 
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· each 1.5 µl of A, C, G and T nucleotide-termination-mixture was added in 200 µl PCR 
reaction vials separately. 
· 4.5 µl of above-described DNA-primer mixture was added to each vial. 
· Each vial of solution was overlaid with one drop of mineral oil, followed by the 
performance of sequencing reaction in a thermocycler. 
 
PCR program: Initial denaturation  2 min, 94°C 
 Denaturation 30 sec, 94°C 
 Annealing 30 sec, 52°C 
 Extension 40 sec, 72°C 
 Final extension 3 min, 72°C 
 
· 3 µl of red-colored loading dye from the kit was added to each reaction mixture, followed 
by gel electrophoresis. 
 
 
3.1.7 RNA analysis with RT-PCR and Northern hybridization 
 
Total RNA was prepared from leaves of transgenic tobacco plants harboring 
phosphoenolpyruvate translocator (PT) encoding gene, ppt. The mRNA transcripts of ppt 
gene were analysed qualitatively by RT-PCR and quantitatively by Northern blot analysis. 
 
3.1.7.1 Isolation of total RNA from plant leaves 
 
Total RNA was isolated from young leaves using the method described by Collinge and 
Slusarenko (1987). To avoid the contamination of RNAase, the utensils were treated prior to 
use according to Sambrook et al. (1989). 
 
· 200-700 mg of young leaves were ground to fine powder in the presence of liquid nitrogen, 
and homogenized in 1 ml of extraction buffer. 
· The homogenate was trans ferred to two 2 ml Eppendorf tubes in equal portions. 
· 1 volume of phenol/chloroform (1:1) was added, mixed by gentle shaking for 10 min, 
followed by centrifugation (5000 rpm, RT, 10 min, Hermle). 
35 cycles 
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· The aqueous phase was transferred to fresh tubes (2 ml), extracted with 1 volume of 
chloroform, followed by centrifugation as described above. 
· The aqueous phase was transferred to fresh tubes (2 ml), mixed with 0.1 volume of 4 M 
Na-acetate (pH 5.5) and 2 volumes of 96% ethanol by gentle vortexing, and incubated at    
-20°C for at least 1 h. 
· The sample was pelleted by centrifugation (5000 rpm, 4°C, 10 min, Hermle), and the pellet 
was washed with 70% ethanol and air dried for 10 min. 
· The pellet was resuspended in 400 µl of 0.15 M Na-acetate (pH 5.5), mixed slowly with 3 
volumes of 4 M Na-acetate (pH 5.5), and incubated at 4°C for 30 min. The sample was 
centrifuged (13000 rpm, 4°C, 15 min, Hermle), and the resulting pellet was washed with 
70% ethanol, air-dried for 10 min. This step was repeated once. 
· The RNA pellet was dissolved in 25-100 µl of DEPC-treated H2O and stored at -80°C till 
use. 
 
Extraction buffer: Tris-HCl (pH 9.0) 50 mM 
 LiCl 150 mM 
 EDTA (pH 8.0) 5 mM 
 SDS 5% (w/v) 
 
Concentration and purity of total RNA isolated were determined by UV spectrophotometry 
with Gene Quant RNA/DNA calculator (PHARMACIA) according to the manufacturer’s 
instruction. The purity was also examined by agarose gel electrophoresis. 
 
3.1.7.2 Reverse transcriptase-polymerase chain reaction (RT-PCR) 
 
RT-PCR was performed using the “Enhanced Avian RT-PCR Kit” (SIGMA, July 1999) 
according to the instruction of the manufacturer. By using this kit, mRNA transcripts were 
first converted into cDNA via enhanced avian reverse transcriptase, and the resulting cDNA 
was then amplified by the catalysis of Accu Taq DNA polymerase. One-Step method was 
employed for detecting mRNA transcripts of ppt gene in the RNA preparations described 
above (3.1.7.1). 
To examine the efficiency of this RT-PCR system and to check whether the electrophoresis 
system was RNAase-free, a control reaction was first performed using the conditions 
recommended by the manufacturer. This reaction system was then applied to the analysis of 
the above-described RNA preparations with two PCR primers (ppt1 and ppt2) and the reverse 
transcription primer (RT1) specific for ppt gene and its transcripts, respectively. Final 
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concentrations of total RNA in the reaction mixtures were 10 ng/µl. The reaction mixture was 
applied for agarose gel electrophoresis. 
 
RT-PCR program: First strand synthesis  50°C, 45 min 
 Denaturation/RT inactivation 94°C, 3 min 
 Denaturation 94°C, 30 sec 
 Annealing 58°C, 1 min 
 Extension 72°C, 30 sec 
 Final extension 72°C, 2 min 
 
To make sure that the reaction product was derived from RNA and not from any DNA 
contamination, another reaction that was similar to the one described above but omitting the 
reverse transcriptase was simultaneously performed as a control. Specific reaction product 
should only be observed in the reaction mixture containing reverse transcriptase. 
 
 
3.1.7.3 Northern blot analysis 
 
Formaldehyde agarose gel electrophoresis: 
 
Total RNA was fractionated by electrophoresis on denaturing formaldehyde 1.5% agarose 
gels as described by Sambrook et al. (1989). 
 
Gel  preparation: 
· 4.5 g agarose was melted in 258 ml of DEPC-treated H2O in a microwave oven and cooled 
to 60°C. 
· 30 ml of 10 ´ MOPS was added while the temperature was kept at 60°C. 
· 12 ml of 37% formaldehyde was slowly added with stirring, and the solution was 
immediately used for preparation of gel in a fume hood. 
Prior to the separation of RNA prearations control runs were performed with pure RNA 
samples to examine if the electrophoresis system was RNAase-free. 
 
· 10 µg total RNA in 10 µl of H2O was mixed with 20 µl of loading buffer. 
· The mixture was incubated at 68°C for 10 min and then chilled on ice. 
· After being loaded on the above gel, total RNA was fractionated by gel running in 1 ´  
MOPS buffer. 
35 cycles 
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10 ´ MOPS: MOPS 200 mM 
 Na-acetate 20 mM 
 EDTA 10 mM 
 pH 7.0 (with NaOH) 
 
Loading buffer: Formamide 60% (v/v) 
 37% Formaldehyde 20% (v/v) 
 10 ´ MOPS 13% (v/v) 
 Glycerol 7% (v/v) 
 Bromophenol blue 0.1% (w/v) 
 
Northern blot hybridization: 
 
After electrophoretic fractionation of total RNA, the gel was soaked in 20 ´ SSC buffer for 15 
min, followed by a capillary transfer of RNA from the gel to a nylon membrane (Porablot NY 
amp, Macherey-Nagel) in 20 ´ SSC buffer (RT, overnight). After blotting, the membrane was 
briefly rinsed with 20 ´ SSC buffer. RNAs were fixed on the membrane by UV illumination 
(254 nm, 125 mJ). To check whether RNAs were intact and whether equal amounts of 
respective RNA preparations were applied, the RNA pattern was visualized by staining in 
0.02% methylene blue B in 0.15 M Na-acetate (pH 5.5) for 2-5 min, followed by washing in 
0.15 M Na-acetate (pH 5.5) for several hours with shaking. The membrane was placed 
between two pieces of Whatman filter and air dried for 10 min, then packed in aluminium 
foil, storing at 4°C until hybridization. 
 
20 ´ SSC buffer: NaCl 3 M 
 Na-citrate 0.3 M 
 pH 7.0 
 
The subsequent hybridization of the blots with radioactively labelled cauliflower PPT3 cDNA 
probe and the quantification of the signal strength were generously accomplished by Rainer 
Häusler (at the Botanisches Institut der Universität zu Köln, Köln, Germany). 
 
 
3.2 Microbiological methods  
 
3.2.1 Culture of bacteria 
 
Escherichia coli: 
 
E. coli was cultured in LB medium on a roller or shaker at 37°C. 
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LB liquid medium: Bacto-tryptone  1% 
 Bacto-yeast extract 0.5% 
 NaCl 1% 
 pH 7.0 
 
For preparation of solid medium 1.5% agar was added to the solution. The medium was 
autoclaved prior to use. 
The selection media were supplemented with appropriate filter-sterilized antibiotics: 
 Ampicillin 100 µg/ml 
 Kanamycin 25 µg/ml 
 
Agrobacterium tumefaciens: 
 
A. tumefaciens was cultured in YEB medium at 28°C. 
YEB medium: Bacto-beef extract 0.5% 
 Bacto-yeast extract 0.1% 
 Bacto-tryptone  0.1% 
 Sucrose 0.5% 
 MgSO4 2 mM 
 pH 7.4 
 
The selection media were supplemented with appropriate filter-sterilized antibiotics: 
 Carbenicillin 100 µg/ml 
 Kanamycin 25 µg/ml 
 Rifampicin 100 µg/ml 
 
Rhizobium meliloti: 
 
R. meliloti was cultured in TY medium at 30°C. 
TY medium: Bacto-tryptone  0.5% 
 Bacto-yeast extract 0.3% 
 CaCl2 ´ 2 H2O 0.07% 
 
 
3.2.2 Transformation of E. coli 
 
Before transformation with plasmid DNA, E. coli was pretreated with high concentrations of 
ions (Ca2+ and Rb+) to increase the permeability of its cell wall following the method 
described by Hanahan (1983). 
 
· 50 ml of LB medium was inoculated with 2.5 ml overnight culture of an appropriate E. coli 
strain, and incubated on a rotary shaker at 37°C until an OD600 of 0.5-0.6 was reached. 
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· After centrifugation (4000 rpm, 4°C, 10 min, rotor GS-3), the pellet of cells was gently 
resuspended in 15 ml of ice-cold TfB I solution and incubated on ice for 10 min. 
· The cells were recovered by centrifugation as described above, followed by gentle 
resuspension in 2 ml of ice-cold TfB II solution. 
· 100 µl-aliquots of the suspension were transferred to prechilled Eppendorf tubes, frozen 
immediately in liquid nitrogen and stored at -70°C. 
 
TfB I: K-acetate 30 mM 
 MnCl2  50 mM 
 RbCl 100 mM 
 CaCl2 10 mM 
 Glycerol 15% (v/v) 
 pH 5.8 
 
TfB II: MOPS 10 mM  
 CaCl2 75 mM 
 RbCl 10 mM 
 Glycerol 15% (v/v) 
 pH 6.8 
 
The resulting competent cells were transformed with plasmid DNA according to the heat-
shock method: 
 
· 100 µl of frozen competent cells were slowly thawed on ice. 
· 50-100 ng of plasmid DNA was added, mixed, and incubated on ice for 30 min. 
· The mixture was incubated at 42°C for 2 min and then again on ice for 2 min. 
· 800 µl of LB medium was added, and incubated on a roller at 37°C for 45-60 min to 
regenerate cells. 
· 50-100 µl of the transformation mixture was plated on a LB plate supplemented with 
appropriate antibiotics, followed by incubation at 37°C overnight. 
 
The transformant colonies were identified by restriction analyses of the plasmid DNA isolated 
by minipreparations (see 3.1.1). 
 
 
3.2.3 Complementation analysis 
 
Complementation assays were performed to examine whether the expression of a foreign ppc 
gene could result in a biochemically active phosphoenolpyruvate carboxylase (PC) in 
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bacteria. In wild-type E. coli, OAA produced via PC anaplerotically replenishes the 
intermediates of TCA cycle (Ashworth and Kornberg, 1966). E. coli mutant PCR1 is 
defective in PC (Sabe et al., 1984), and thus can not grow on the minimal medium containing 
glucose (Ashworth and Kornberg, 1966). Its growth is only possible when some intermediates 
of TCA cycle, e.g. OAA or a-ketoglutarate were added. Glutamate (Glu) can also enter the 
TCA cycle in form of a-ketoglutarate after desamination. An action of PC, resulting from 
expression of a transformed ppc gene can complement the glutamate requirement phenotype 
(Glu--phenotype) of PCR1. 
 
· Competent cells of E. coli strain PCR1 were transformed with a ppc-carrying prokaryotic 
expression vector. 
· Single colonies were suspended in 50 µl of saline (0.9% NaCl). 
· 5 µl of each suspension was dropped on four media, i.e. E-minimal medium (E-Glu), E-
minimal media containing 0.2 mM and 2 mM IPTG (E-Glu+IPTG), respectively, and E-
minimal medium supplemented with 1 mg/ml of glutamate (E+Glu). 
· E. coli wild-type strain W3 and mutant strain PCR1, transformed with the vector without 
ppc gene were used as controls. 
· Two sets of above plates were prepared and incubated at 37°C and 30°C, respectively. 
 
E-minimal medium (E-Glu): MgSO4 ´ 7 H2O 0.2 g 
 Citric acid-Na ´ 2 H2O 3.0 g 
 K2HPO4 ´ 3 H2O 13.0 g 
 NaNH4HPO4 ´ 4 H2O 5.3 g 
 Agar 10 g 
 pH 7.2 (with NaOH) 
 H2O up to 1 l 
 
After autoclaving the following filter-sterilized solutions were added under sterile conditions: 
 1000 ´ CRM solution 1 ml 
 Thiamine-HCl (3 mg/ml) 1 ml 
 L- leucine (10 mg/ml) 10 ml 
 L-arginine-HCl (10 mg/ml) 10 ml 
 L-threonine-HCl (10 mg/ml) 10 ml 
 D-glucose (0.2 g/ml) 20 ml 
 
1000 ´ CRM solution: FeCl3 ´ 6 H2O 30 mg 
 MnCl2 ´ 4 H2O 14 mg 
 CaCl2 ´ 2 H2O 18 mg 
 CoCl2 ´ 6 H2O 10 mg 
 H3BO3 14.5 mg 
 ZnCl2 100 mg 
 H2O up to 50 ml 
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Filter-sterilized L-glutamate (100 mg/ml) and IPTG (400 mM) were additionally applied for 
preparing the media E+Glu and E-Glu+IPTG, respectively. 
 
 
3.3 Culture and transformation of Nicotiana tabacum 
 
3.3.1 Sterile culture  
 
Plants were cultured on MS medium (Murashige and Skoog, 1962) without hormone in sterile 
commercial preserving jars (round edge glass 100, 0.5 liter, WECK) in a growth chamber 
(16/8 h light/dark; 22°C) where they received an irradiance (PFD) of 150-200 µmol m-2 s-1 
during the light period from Universal White Standard F58W/125 lamps (SILVANIA). To 
keep the culture, plants were propagated by making cuttings and transferring to fresh media 
every four weeks. 
 
MS medium: MS salts (SERVA) 4.7 g/l 
 Sucrose 20 g/l 
 Agar 10 g/l 
 pH 5.7-5.8 (with 1M NaOH) 
 
After autoclaving, vitamin stock solution I was added to reach following final concentrations: 
 
 Glycine 2 mg/l 
 Nicotine acid 0.5 mg/l 
 Pyridoxin 0.5 mg/l 
 
 
3.3.2 Sterilization of plant materials 
 
The surfaces of plant materials e.g. stem segments and seeds have to be sterilized prior to 
their transfer from non-sterile environment to sterile culture. 
 
· Plant stems were cut into segments under sterile H2O; Aliquots of 1.2 g seeds were put into 
Eppendorf tubes. (The following steps were performed under sterile conditions) 
· Stem segments or seeds were washed in 70% ethanol solution with agitation for 2 min. 
· After washing in sterile H2O for 5 min, stem segments or seeds were submerged into the 
disinfectant solution with agitation for 10-20 min. 
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· After decanting off disinfectant solution, the stem segments or seeds were rinsed 2-5 times 
with sterile H2O, and 2 ´ 1 min incubated in sterile 1 mM HCl. These seeds were ready for 
germination under sterile conditions. 
· The segments were transferred to sterile culture after thin layers had been excised from 
their both ends. 
 
Disinfectant solution: Hypochlorite-Na 0.5-5% (w/v) 
 Tween 20 0.15% (v/v) 
 
 
3.3.3 Soil culture  
 
Plants were grown in flowerpots with the 1:1 mixture of sand and ED 73 soil (50 vol.% clay, 
25 vol.% black peat, 25 vol.% white peat, trace elements and mineral nutrients, pH 6.0). 
When plants were small, transparent plastic cover was used to protect plants from drying. 
Plants were watered daily, and were fertilized once a week with nutrient solution (N:P:K, 
12:4:6 (w/w), WUXAL top N, AGLUKON) after two-month long growth on soil. Fungicides 
and insecticides were used to protect plants against the infection of fungi and seizure of 
whiteflies, respectively. 
Pots of plants were placed in a climate chamber or a greenhouse. In the climate chamber (20-
22°C, 16/8 h light/dark), plants received an irradiance (PFD) of 200-300 µmol m-2 s-1 from 
Osram Superstar HQI-T 400 W/DH lamps. In the greenhouse of the Institute of Biology, 
RWTH Aachen, Germany, air temperature was varying from daytime to the night due to lack 
of appropriate control, and depending on the seasons. During most of the time except 
midsummer it was 22-25°C during the day and 16-18°C at night. In the greenhouse of the 
Maxplanck Institut in Köln, Germany, the temperatures in two rooms used for growth 
experiments (performed from September to December) (see 4.6.3) were maintained at 20°C 
and 25°C, respectively. In both greenhouses, during the daytime the illumination was 
supplemented (16 h) by lamps, resulting in a PFD of approx. 200 µmol m-2 s-1 at the leaf 
surface. 
 
 
3.3.4 Stable transformation of Nicotiana tabacum 
 
Stable transformation of Nicotiana tabacum was performed by the mediation of 
Agrobacterium. Procedures were based on the “leaf disc” transformation method described by 
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Horsch et al. (1985) and leaf piece transformation method described by De Block (1988) and 
Dietze et al. (1995). Several variations were introduced to increase the transformation as well 
as regeneration efficiencies. 
 
Surface-sterilized seeds of wild-type Nicotiana tabacum were germinated on Petri plates with 
MS medium, and seedlings were transferred to sterile glass jars with the same medium. 3-4-
weeks-old green leaves were ready for transformation. 
 
Method I (following the protocol from our laboratory): 
 
1) Discs were punched from detached source leaves with a perforator (5 mm in diameter) on 
sterile Whatman 3MM filters and placed upside down on Petri plates with MSH (25-30 
leaf discs/plate). 
2) A. tumefaciens harboring appropriate foreign gene was cultured from stocks in YEB 
selection medium (3.2.1) reaching an OD600 of 1.0, and 5 ml of this culture was given 
around leaf discs on each of the above-described plates, followed by 5-min incubation. 
3) After removing excess Agrobacterium with sterile pipettes, leaf discs were put again in 
order, and the Petri plates were sealed with Parafilm. 
4) Plates with leaf discs were incubated subsequently at 20°C for 2 d and at 30°C for 1-2 d 
in growth chambers. 
5) Leaf discs were transferred into a sterile tea strainer, 4 ´ 5 min washed in sterile water by 
gentle shaking, and blotted dry on sterile Whatman filters. 
6) To inactivate Agrobacterium and to speed up the generation of plants, leaf discs were 
transferred upside down on MSHC500 plates, followed by 3-day- incubation in a 30°C 
growth chamber. 
7) Leaf discs were transferred to the selection medium MSHK75C300 or MSHHy40C300 (see 
below) (12 leaf discs/plate), incubated in a 20°C growth chamber until calli and shoots 
formed. During this period, leaf discs were transferred to fresh selection media every 4 
weeks. Leaf discs that were dying or had not formed any callus after 3-4 weeks were 
discarded. 
8) Regenerated shoots (1-1.5 cm high) were excised from calli and transferred to root-
inducing medium MSK75C200 or MSHy20C200 (see below) in 250-ml glass jars. 
9) Rooted plantlets (about 8 cm high) were transferred to soil and grown in a greenhouse.  
 
 
 46  
                                        Media 
Components  
MSH 
medium  
MSHC500 
medium  
MSHK75C300 
medium a 
MSK75C200 
medium a 
MSHHy40C300 
medium b 
MSHy20C200 
medium b 
MS medium (see 3.3.1) x x x x x x 
6-Benzyl aminopurine (BAP) 1 mg/l  1 mg/l  1 mg/l  - 1 mg/l  - 
a-naphthalene acetic acid 
(NAA) 
1 mg/l  1 mg/l  1 mg/l  - 1 mg/l  - 
Cefotaxime sodium  - 500 mg/l  300 mg/l  200 mg/l  300 mg/l  200 mg/l  
Kanamycin monosulfate - - 75 mg/l 75 mg/l - - 
Hygromycin B - - -- - 40 mg/l  20 mg/l  
 
a These media were only used for transformations of tobacco with pS expression constructs. 
b These media were only used for transformations of tobacco with pVL-amplicon expression constructs. 
 
Using this method, calli, and regenerated shoots and roots formed first in the 3rd, 5th and 7th 
week, respectively, after the infection of leaf discs with Agrobacterium. After 3-4 more 
weeks, the rooted plantlets were about 8 cm in height and could be potted into soil in the 
greenhouse. 
 
For the transformations of tobacco with pS expression constructs (see 4.2.2), the following 
two optimized transformation methods were also employed. 
 
Method II (optimized leaf disc transformation method): 
 
· The preparation of leaf discs was carried out as described for step 1 of method I. 
· Leaf discs were co-cultivated with 5 ml of 1/20 diluted Agrobacterium culture (OD600 = 
0.8-1.1, diluted with YEB medium omitting antibiotics) on MSH (or MS) plates, incubated 
as described for steps 3-4 of method I. 
· After 2 ´ 5-10 min washing in sterile water supplemented with 500 µg/ml cefotaxime, the 
leaves were blotted dry on sterile Whatman filters and placed upside down on the selection 
medium containing 150 µg/ml kanamycin. 
· The excision of regenerated shoots and the following step were as described for steps 8 and 
9 of method I. 
 
Method III (optimized leaf piece transformation method): 
 
· Leaf pieces (S » 15 mm2) were cut from source leaves and floated upside down on 10 ml 
of 1/200 diluted Agrobacterium culture (OD600 = 0.8-1.1, diluted with liquid MS medium) 
contained in a Petri dish, and incubated at RT  in the dark for 3 days. 
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· After washing 2 ´ 5-10 min in sterile water supplemented with 500 µg/ml cefotaxime, the 
leaves were blotted dry on sterile Whatman filters and placed upside down on the selection 
medium containing 150 µg/ml kanamycin. 
· The excision of regenerated shoots and the following step were as described for the steps 8 
and 9 of method I. 
 
 
3.4 Biochemical methods  
 
3.4.1 Extraction of proteins from bacterial cells 
 
Proteins were extracted from bacterial cells either by ultrasonication or by grinding in the 
presence of Alcoa. 
 
Ultrasonication: 
 
· 50 ml of bacterial culture in the logarithmic growth phase was centrifuged (4000 rpm, 10 
min, GS-3 rotor) to collect cells. 
· The resulting pellet was washed twice with 20 ml of extraction buffer, resuspended in 1 ml 
of extraction buffer, and transferred to 2 ml Eppendorf tubes for ultrasonication. 
· Ultrasonic cell disintegration was performed on ice by 4 ´ 30 sec treatments (0.5 sec pulse 
with 60W) with a 30 sec interval between either two treatments. 
· The cell debris was pelleted by centrifugation (13000 rpm, 4°C, 20 min, Hermle), and the 
supernatant was transferred to fresh tubes on ice and used for determinations of protein 
concentrations and enzyme activities. 
 
Grinding in the presence of Alcoa: 
 
· 500 ml of bacterial culture in the logarithmic growth phase was centrifuged (4000 rpm, 10 
min, GS-3 rotor) to collect cells. 
· The resulting pellet was transferred to 2 ml Eppendorf tubes. Fresh weight of pellet was 
determined, double amount of Alcoa (aluminium oxide Alcoa A-350) was added, and 
ground to a paste with an appropriate plastic pestle. 
· 2 volumes of extraction buffer were added, followed by further grinding for 10 min. 
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· The homogenate was clarified by centrifugation (20000 rpm, 4°C, 15 min, Hermle), and 
the resulting supernatant was used for the determinations of protein concentrations and 
enzyme activities. 
 
PC extraction buffer (BE-buffer): 
 Tris-H2SO4 (pH 8.0) 100 mM 
 MgSO4 10 mM 
 DTT 1 mM 
 Glycerol 20% 
 
Phosphoenolpyruvate carboxykinase (CK) extraction buffer: 
 Imidazole-HCl (pH 6.6) 100 mM 
 MnCl2  5 mM 
 ß-Mercaptoethanol 15 mM 
 Glycerol 20% 
 Polyvinylpyrrolidone (PVP) 2% 
 
 
3.4.2 Extraction of proteins from plant leaves 
 
3.4.2.1 Preparation of crude leaf extracts 
 
The extraction of total soluble proteins from leaves (preparation of crude leaf extracts) was 
carried out in Eppendorf tubes with a motor-driving stainless steel pestle. For investigations 
of individual enzymes, corresponding extraction buffers were used during leaf 
homogenization. 
 
· 50-100 mg detached leaves were transferred to a 1.5 ml Eppendorf tube. 
· 250 µl of prechilled extraction buffer was added, followed by 1-min grinding. 
· The homogenate was clarified by centrifugation (13000 rpm, 4°C, 15 min, Hermle), and 
the resulting supernatant was transferred to a fresh tube and stored on ice or at -20°C. 
 
PC extraction buffer I (BE-buffer): (see 3.4.1) 
 
PC extraction buffer II: Hepes-NaOH (pH 8.0) 50 mM 
 MgCl2  10 mM 
 DTT 5 mM 
 EDTA 1 mM 
 Glycerol 20% 
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  The following chemicals were added immediately before use: 
 PefablocSC 1 mM 
 Chymostatin 0.01 mg/ml 
 Polyclar AT 2% 
 
NADP-malic enzyme (ME) extraction buffer: 
 Tris-HCl (pH 7.5) 100 mM 
 MgCl2  10 mM 
 ß-mercaptoethanol 15 mM 
 Glycerol 20% 
 Polyvinylpyrrolidone  2% 
 
Pyruvate, orthophosphate dikinase (DK) extraction buffer: 
 Hepes-NaOH (pH 8.0) 50 mM 
 MgCl2  10 mM 
 DTT 5 mM 
 EDTA 1 mM 
 Glycerol 20% 
  The following chemicals were added just before extractions: 
 PefablocSC 1 mM 
 Chymostatin 0.01 mg/ml 
 Polyclar AT 2% 
 Pyruvate 5 mM 
 K2HPO4 2 mM 
 
Phosphoenolpyruvate synthase (PS) extraction buffer: 
 Tris-HCl (pH 7.0) 100 mM 
 MgCl2  10 mM 
 EDTA 5 mM 
 ß-mercaptoethanol 2 mM 
 Glycerol 20% 
 Polyvinylpyrrolidone 2% 
 
CK extraction buffer: (see 3.4.1) 
 
 
3.4.2.2 Preparation of chloroplast extracts 
 
Chloroplasts were rapidly isolated from leaves according to the method described by 
Robinson and Barnett (1988), and soluble proteins were extracted from isolated chlo roplasts. 
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· Source plants were grown in a prolonged dark period of 15 h to reduce the leaf contents of 
starch, and were then illuminated for 1 h to activate enzymes. 
· 20-30 g fresh leaves were homogenized in 100 ml of semi-frozen grinding medium in a 
precooled homogenizer (Warring-Blendor) with 2 ´ 3 bursts at low speed. 
· The homogenate was filtered through 8 layers of muslin (Miracloth) to remove debris, the 
solution was transferred to Falcon glass tubes. 
· After centrifugation (SS-34 rotor, 7000 rpm, 0°C, 1 min), the supernatant was discarded 
and the inside of the tubes was wiped. 
· The chloroplast pellet was resuspended gently in 10 ml of grinding medium on ice. 
· The chloroplasts were recovered by another centrifugation as described above. 
 
Grinding medium: Hepes 25 mM 
 Sucrose 350 mM 
 EDTA 2 mM 
pH 7.6 
 
To extract chloroplastic proteins, 100-300 µl of extraction buffer was added, followed by 
vortexing, and the mixture was transferred to Eppendorf tubes. After centrifugation (13000 
rpm, 10 min), the supernatant was transferred to fresh tubes on ice or stored at -20°C. 
 
 
3.4.2.3 Purification of protein extracts: 
 
To purify PS protein, the protein extracts prepared by the methods described in 3.4.2.1 and 
3.4.2.2 were treated by salting-out and anion-exchange chromatography. 
 
Salting-out and fractionation: 
 
· An appropriate amount of ammonium sulfate was slowly added to crude leaf extracts to 
give a saturation of 40%. Some proteins were separated out by this treatment. 
· After centrifugation (13000 rpm, 1 min), the resulting supernatant was transferred to a 
fresh tube, followed by addition of an appropriate amount of ammonium sulfate to reach a 
saturation of 55%. 
· After centrifugation as described above, the protein pellet was resuspended in PS 
extraction buffer. 
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Anion-exchange chromatography: 
 
· The protein pellet resulting from salt fractionation with 40% to 55% saturation ammonium 
sulfate (see above) was dissolved in a resuspending buffer and incubated for 15 min. 
· 0.8 ml (packed volume) of DEAE-cellulose suspended in 6.75 ml column equilibrating 
buffer was added to the above solution, and incubated for 15 min. 
· The mixture was transferred to a small column, and proteins were eluted stepwise with 3.3 
ml of 0.1 and 0.2 M KCl, 5.0 ml of 0.4 M KCl and 3.3 ml of 0.6 M KCl in column 
equilibrating buffer. Individual eluates were salted out by 60% saturation ammonium 
sulfate at 4°C overnight. 
· After centrifugation (5000 rpm, 4°C, 10 min, Varifuge RF), the protein pellet was 
resuspended in the PS extraction buffer. 
 
Resuspending buffer: Tris-HCl (pH 6.8) 5 mM 
 MgCl2  1 mM 
 EDTA 5 mM 
 ß-Mercaptoethanol 2.1 mM 
 Sucrose 1 M 
 ATP 10 mM 
 
Column equilibrating buffer: Na2HPO4 14.6 mM 
 KH2PO4 16.7 mM 
 EDTA 2 mM 
 ß-Mercaptoethanol 2.2 mM 
 pH 7.1 
 
 
3.4.3 Determination of protein concentrations in leaf extracts 
 
Proteins were determined according to the method described by Bradford (1976). 2 µl of leaf 
extract was mixed with 1 ml of Bradford reagent. After 15 min incubation at RT, the 
extinction at 595 nm was measured against a reagent blank prepared from 2 µl of the 
corresponding extraction buffer and 1 ml of Bradford reagent. Bovine serum albumin (pH 7.0, 
SERVA) was used as a standard in a range between 1 and 10 µg. 
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Bradford reagent: Coomassie brilliant blue G-250 100 mg 
 96% Ethanol 50 ml 
 85% H3PO4 100 ml 
 H2O up to 1 l 
 
The mixture was stirred overnight, filtered twice and stored in dark. 
 
 
3.4.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
 
The analytical separation of proteins according to their molecule weights was carried out by 
polyacrylamide gel electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS). 
Proteins are denatured and dissociated into subunits by SDS, and their disulfide bonds can be 
split by dithiothreitol (DTT) contained in the gel- loading buffer. Due to SDS binding the 
polypeptide chains carry negative charges, which are proportional to their molecular weights. 
Therefore in an electric field the mobility of a SDS-polypeptide complex to the anode 
depends only on the size of the polypeptide. 
A discontinuous buffer system was used for SDS-PAGE. In this system, the pH value and 
ionic strength in gel-running buffer differ from those in gel-preparing buffer (Laemmli, 1970). 
By electrophoresis, SDS-polypeptide complexes successively go through an upper wide-pore 
gel (stacking gel), accumulate to a thin layer on the surface of a lower narrow-pore gel 
(resolving gel), and are separated in the latter gel. The concentration of acrylamide mix in the 
resolving gel for optimal results varies depending on the sizes of proteins to be separated (see 
results). Such PAGE was performed with a mini gel (10 cm ´ 7 cm) apparatus (Mini Protean 
II Dual Slab Cell, BIORAD) according to the manufacturer’s instruction. 
 
· All components for the resolving gel were mixed (10 ml for two gels). Polymerization was 
started by the addition of APS and TEMED. 
· Before its solidification the mixture was poured into gel mould till an appropriate height 
position, and covered with 100 µl of isopropanol to smooth the surface. 
· After polymerization of the resolving gel (about 1 h), isopropanol was decanted, stacking 
gel mixture was poured above it, and the comb for wells was set. 
· After adding gel-running buffer in electrophoresis chamber, the comb was removed, 
followed by loading of 5-min cooked protein samples (max. total volume of 30 µl) that 
contained 50 µg proteins together with 10 µl loading buffer. 5 µl of molecular weight 
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standard mixture (SDS-6H, SIGMA) and an appropriate positive marker were also applied 
on the gel. 
· Electrophoresis was performed under max. 200 V in an ice bath, while gel- running buffer 
was constantly agitated by a magnetic stirrer, until the bromophenol blue stain reached the 
gel end (about 45 min). 
 
If required, the proteins pattern was visualized by Coomassie staining: the gel was immersed 
in Coomassie staining solution (rocked slowly; RT, 0.5 h), and excess dye was removed with 
a destaining solution (rocked slowly and put a piece of sponge in the buffer; RT, 2 h; or 60°C, 
15 min). 
 
5% Stacking gel (5 ml): H2O 3.1 ml 
 40% Acrylamide mix 0.625 ml 
 1 M Tris-HCl (pH 6.8) 0.625 ml 
 10% (w/v) SDS 0.05 ml 
 10% (w/v) APS 15 µl 
 TEMED 7.5 µl 
 
Resolving gel (10 ml): 
final concentration of acrylamide mix 7% 10% 12.5% 15% 
H2O 5.65 ml 4.90 ml 4.27 ml 3.65 ml 
40% Acrylamide mix 1.75 ml 2.50 ml 3.13 ml 3.75 ml 
1.5 M Tris-HCl (pH 8.8) 2.5 ml 2.5 ml 2.5 ml 2.5 ml 
10% SDS 0.1 ml 0.1 ml 0.1 ml 0.1 ml 
10% Ammonium persulfate (APS) 0.3 ml 0.3 ml 0.3 ml 0.3 ml 
TEMED 15 µl 15 µl 15 µl 15 µl 
 
40% acrylamide mix: Acrylamide 39% 
 N, N -´bisacrylamide 1% 
 
Gel-running buffer: Tris 54 mM 
 Glycine 380 mM 
 SDS 0.1% 
 EDTA 2.7 mM 
 pH 8.3 
 
Coomassie staining solution (100 ml):  H2O 45 ml 
 Methanol 45 ml 
 96% Glacial acetic acid 10 ml 
 Coomassie brilliant blue R-250 250 mg 
 
The solution was filtered through a Whatman filter to remove any particulate matter. 
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Destaining solution (100 ml): H2O 45 ml 
 Methanol 45 ml 
 96% Glacial acetic acid 10 ml 
 
SDS-gel loading buffer: Tris-HCl (pH 6.8) 100 mM 
 DTT 200 mM 
 SDS 4% 
 Bromophenol blue-Na 0.2% 
 Glycerol 20% 
 
 
3.4.5 Western blot analysis 
 
By means of Western-Blot analysis, proteins were transferred from a polyacrylamide gel onto 
a nitrocellulose membrane, and were detected with the aid of primary as well as secondary 
antibodies. 
 
Western blot: 
 
The protein transfer was achieved by electroblotting using an apparatus “mini-transblot” 
(BIO-RAD) according to the manufacturer’s instruction. A “blot sandwich” was assembled 
between two pieces of plexiglass plates, which includes a piece of porous sponge, two sheets 
of Whatman 3 MM filter, a nitrocellulose membrane (“Hybond C” or “Hybond ECL”, 
AMERSHAM), the SDS-polyacrylamide resolving gel, two more sheets of Whatman 3MM 
filter and another piece of porous sponge. Before the assembly, the nitrocellulose membrane 
was equilibrated in blot buffer for at least 10 min while other components were wetted with a 
brief rinse. The assembled cassette was placed between the electrodes in the blotting unit in 
such a way that the membrane was on the anode side of the gel. The transfer was carried out 
at 250 mA (and about 55-80V) for 1-1.5 h. The chamber for electrotransfer was cooled in an 
ice bath and the blot buffer was constantly agitated with a magnetic stirrer. In addition, a 
cooling box was installed within the chamber. 
 
After transfer the blot membrane was removed from the “sandwich”. The protein pattern on it 
was checked with Ponceau solution (2 g Ponceau/l in 3% TCA, SERVA). After photocopy for 
documentation, the membrane was destained with water. This reversible staining technique 
(Salinovich and Montelaro, 1986) allows an evaluation of the transfer quality, and a 
determination of the positions of marker proteins (marked with a pencil) as well as the 
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amounts of individual proteins loaded onto the gel. This staining does not interfere with the 
following immunodetection steps. 
 
Blot buffer: Tris 25 mM 
 Glycine 192 mM 
 Methanol 20% (v/v) 
pH 8.1-8.4 (it should not be adjusted!) 
 
 
Immunostaining: 
 
Immunostaining allows the visualization of proteins (as antigens) fixed to nitrocellulose or 
nylon membranes with the aid of antibodies. In a first step, a specific antibody (primary 
antibody) binds to the protein to be detected. In the next step another antibody (secondary 
antibody), which is covalently coupled to an enzyme “alkaline phosphatase”, binds 
specifically to the constant region of the first antibody. After washing out the unspecifically 
bound antibodies, the antigen-antibody-enzyme complex is localized by the action of the 
enzyme using appropriate substrates. The latter are converted to insoluble colored products 
precipitating on the membrane at the site of the complex. 
 
· The blot membrane was immersed in 20 ml of blocking buffer for 30 min on an orbital 
shaker to block non-specific binding sites. 
· The membrane was incubated in 10 ml of primary antibody (diluted in TBS-TF or PBS-TF 
with the ratios described in Materials 2.6) at RT for 1 h with agitation or at 4°C overnight. 
· After 3 ´ 5-min washing with 50 ml washing buffer (TBS-T or PBS-T), the membrane was 
incubated in 10 ml diluted (see above) secondary antibody for 1 h with agitation. 
· After washing as described above, the membrane was rinsed briefly with deionized water, 
and incubated in the substrate solution with agitation until the desired staining intensity 
was achieved (2-10 min). 
· The enzyme reaction was stopped with water. 
· The membrane was allowed to air dry on a paper towel and stored far from light. 
 
Tris buffered saline (TBS): Tris 2.4 g 
 NaCl 8.0 g 
 H2O up to 1 l 
 pH 7.6 (with HCl) 
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Phosphate buffered saline (PBS): NaCl 8.0 g 
 KCl 0.2 g 
 KH2PO4 0.24 g 
 Na2HPO4 1.44 g 
 H2O up to 1 l 
 pH 7.5 (with HCl) 
 
Washing buffer (TBS-T or PBS-T): TBS or PBS containing 0.1% (v/v) Tween-20 
 
Blocking buffer (TBS-TF or PBS-TF): TBS-T or PBS-T containing 0.5% (v/v) fish gelatin 
 
Substrate solution: Tris-NBT 100 ml 
 0.5% (w/v) BCIP 1 ml 
 1 M MgCl2  0.4 ml 
 
Tris-NBT:  Tris-HCl (pH 9.6) 150 mM 
  Nitro blue tetrazolium (NBT) 0.01% (w/v) 
 
Intensities of immunosignals were quantified using the program of Aida Image Analyzer with 
Image Reader LAS-1000 Pro V2.5 (FUJI) according to the manufacturer’s instructions. 
 
 
3.4.6 Determinations of enzyme activities 
 
PEP carboxylase (PC) activity measurements: 
 
PC activity was determined by a coupled assay following the procedure of Teraoka et al. 
(1974). By the catalysis of PC, phophoenolpyruvate (PEP) is converted into oxaloacetate 
(OAA). In the presence of malate dehydrogenase (MDH), OAA is further reduced to malate 
while NADH is oxidized into NAD+ (Introduction 1.4). The decline in optical density of 
NADH can be recorded at 340 nm with a spectrophotometer. It should be directly 
proportional to the consumption of PEP. One enzyme-activity unit (U) is defined as the 
amount of PC oxidizing 1 µmol of NADH per minute at 25°C. The specific activity of PC is 
defined as U per mg protein. 
The reaction took place in 1-ml reaction mixture. It was started by addition of 15 µl crude leaf 
extract (containing 25-80 µg protein). Reaction mixtures omitting PEP served as controls. The 
decline in NADH was calculated from the linear part of the curve during the first minutes. 
The values for protein samples were corrected by subtracting non-specific NADH turnover in 
controls. 
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Two kinds of reaction mixtures were used in the present work resulting in similar results. 
 
Reaction mixture I: Reaction mixture II: 
Tris-H2SO4 (pH 8.0) 100 mM Hepes-NaOH (pH 8.0) 50 mM 
MgSO4 10 mM MgCl2  5 mM 
KHCO3 10 mM NaHCO3 1 mM 
NADH 0.15 mM Glycerol 20% 
DTT 0.1 mM NADH 0.2 mM 
MDH 6 U MDH 6 U 
PEP 5 mM PEP 2.5 mM 
Leaf extract 15 µl (25-80 µg protein) Leaf extract 15 µl (25-80 µg protein) 
 
To determine the sensitivities of PC to effects of Acetyl-CoA and aspartate, these substances 
were added to above reaction mixtures at concentrations of 0.1 mM and 10 mM, respectively. 
 
Specific PC activities were calculated on the basis of protein amount in leaf extracts 
according to the following formula: 
 
Specific PC activity (U/mg protein) = (DE340 ´ VM ´ 1000)/(VE ´ P ´  d ´ e) 
 
DE340, decline in extinction at 340 nm per minute; VM, volume of reaction mixture (1 ml); d, 
cuvette cell length (1 cm); e, molar extinction coefficient of NADH (6.22 ´ 103 l mol-1 cm-1); 
VE, volume of leaf extract in the reaction mixture (ml); P, protein concentration in leaf extract 
(mg/ml). 
 
NADP-malic enzyme (ME) activity measurements: 
 
ME activity was determined according to the method described by Pupillo and Bossi (1979). 
ME catalyses the oxidative decarboxylation of malate, combined with the reduction of 
NADP+ to NADPH (Introduction 1.4). In 1 ml reaction mixture the formation of NADPH at 
25°C was measured spectrophotometrically at 340 nm. The reaction was started by the 
addition of leaf extract. Reaction mixtures omitting malate served as controls. Calculations of 
specific ME activities were similar to that described for PC using the molar extinction 
coefficient for NADPH (6.31 ´ 103 l mol-1 cm-1). 
 
Reaction mixture: Tris-HCl (pH 7.5) 100 mM 
 MnCl2  1 mM 
 NADP+ 0.077 mM 
 L-malate (neutralized) 10 mM 
 Leaf extract 15 µl (25-80 µg protein) 
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Pyruvate, orthophosphate dikinase (DK) activity measurements: 
 
DK activity was determined according to Ashton et al (1990) with minor modifications. DK 
catalyzes the conversion of pyruvate to PEP in the presence of ATP and inorganic phosphate 
(Pi) (Introduction 1.4). The production of PEP was measured spectrophotometrically at 340 
nm in 1 ml reaction mixture at 25°C by coupling to NADH oxidation via PC and MDH (see 
above). ATP was omitted from control mixtures. Starting of reactions and calculation of DK 
activities were similar to that described for PC. 
 
Reaction mixture: Hepes-KOH (pH 8.0) 25 mM 
 MgSO4 8 mM 
 DTT 10 mM 
 K2HPO4 2.5 mM 
 NaHCO3 1 mM 
 Pyruvate 2 mM 
 ATP  1 mM 
 NADH 0.2 mM 
 PC 0.5 U 
 MDH 2.4 U 
 Leaf extract 50 µl (70-250 µg protein) 
 
Phosphoenolpyruvate synthase (PS) activity measurements: 
 
PS catalyzes a reaction similar to DK but in the absence of Pi (Introduction 1.4). Three 
methods were used for PS activity measurements. A continuous assay (Method II) is much 
simpler than an end point assay (Method I), and is, therefore, suitable for measuring PS 
activities in a large number of samples. A radiolabeling assay (Method III) is most sensitive, 
and has the advantage of other two methods in detecting low levels of PS activities. 
 
Method I: 
 
This method is based on that described by Cooper and Kornberg (1969) with minor 
modifications. PS activity was measured as the rate of the ATP-dependent removal of 
pyruvate at 30°C. Samples (0.1 ml) were withdrawn from the reaction mixture (0.5 or 1 ml) at 
5 min intervals over a period of up to 40 min. Pyruvate in these samples was then allowed to 
react with 2, 4-dinitrophenylhydrazine (DNPH) (0.03% in 1.23 ml 0.6 N HCl) to form the 
colored product pyruvate-2, 4-dinitrophenylhydrazone (Eqn. 1). After incubation at 30°C for 
10 min, 1,67 ml of 10% NaOH was added to stop the reaction. The colored product was 
quantified by measuring the extinction at 445 nm with a spectrophotometer. Reaction 
 59  
mixtures omitting ATP served as controls. One enzyme-activity unit (U) of PS is defined as 
the amount of PS catalyzing the remova l of 1 µmol of pyruvate per minute at 30°C. 
 
 HCl 
Pyruvate + DNPH ¾¾¾¾® pyruvate-2, 4-dinitrophenylhydrazone (Eqn. 1) 
 
 
Reaction mixture: Tris-HCl (pH 8.4) 100 mM 
 MgCl2  10 mM  
 Pyruvate 1.5 mM 
 ATP  10 Mm 
 Leaf extract 50 µl (70-250 µg protein) 
 H2O up to 0.5 ml (or 1 ml) 
 
Specific PS activity (U/mg protein) = (DE445 ´  VM ´ 1000 ´ N1)/(VE ´ P ´ d ´  e ´ N2) 
 
DE445, decline in extinction at 445 nm per minute; VM, volume of reaction mixture (0.5 or 1 
ml); d, cuvette cell length (1 cm); e, molar extinction coefficient of pyruvate-2, 4-
dinitrophenylhydrazone (1.8 ´ 104 l mol-1 cm-1); VE, volume of leaf extract in the reaction 
mixture (ml); P, protein concentration in leaf extract (mg/ml); N1, ratio of the volume for 
reaction in Eqn. 1 to VM; N2, volume ratio of removed sample (0.1 ml) to PS reaction mixture. 
 
Method II: 
 
Method II was based on the assay method for DK (see above). Pi was omitted from the 
reaction mixtures. ATP and pyruvate was omitted from control mixtures for the method II (±  
ATP) and the method II (± pyruvate), respectively. 
 
Method III: 
 
PS activity was assayed by the conversion of [14C]1-pyruvate to PEP. The reaction mixture 
(20 µl) had the same composition as in the method I with 1.5 mM [14C]1-pyruvate (specific 
activity of 999 MBq/mmol). The reaction was initiated by the addition of enzyme samples, 
either leaf extracts, purified enzyme extracts from E. coli, or enzyme extraction buffer as 
control. After incubation at 30°C for 30 min, 3 µl of the reaction mixture was applied to a 
TLC-Aluminium sheet Kieselguhr F254. Labeled pyruvate and PEP were separated by 
chromatography with 1-propanol/25% ammonia (13/7) over a period of 1.5-2 h. After drying 
at 80°C for 3 h and at RT overnight, radioactivity was detected with a Berthold LB 2842 
automatic TLC-linear analyzer. The percentages of 14C-pyruvate and 14C-PEP were 
determined and the rates of conversion of pyruvate to PEP were calculated. 
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Specific PS activity (U/mg protein) = (DP ´ CP ´ VM)/(T ´ P) = (0.01 ´ DP)/P 
 
DP, removal of pyruvate in terms of percentage (%); CP, initial concentration of [14C]1-
pyruvate in the reaction mixture (1.5 mM); VM, volume of the reaction mixture (0.2 ml); T, 
reaction duration (30 min); P, protein amount in the reaction mixture (mg). 
 
 
Phosphoenolpyruvate carboxykinase (CK) activity measurements: 
 
CK catalyzes the reversible conversion of OAA to PEP (Introduction 1.4). Two methods were 
employed in CK activity measurement. In Method I, the rate of ADP-dependent carboxylation 
reaction is determined. This reaction is similar to that catalysed by PC (see above), thus in 
double PC/CK overexpressors high PC activities might interfere the measurements of CK 
carboxylation activities. For these plants, therefore, the ATP-dependent decarboxylation 
activity of CK was measured with Method II. 
 
Method I: 
 
The carboxylation activity of CK was determined according to Hansen et al. (1976) with 
minor modifications. The rate of ADP-dependent OAA formation is monitored by a coupled 
NADH oxidation via MDH. The procedure regarding spectrophotometric measurements and 
calculations were similar to that described for PC. 
 
Reaction mixture (1 ml): Imidazole-HCl (pH 6.6) 100 mM 
 NaHCO3 50 mM 
 ADP  2 mM 
 MnCl2  5 mM 
 NADH 0.2 mM 
 DTT 0.2 mM 
 MDH 6 U 
 PEP 1 mM 
 Leaf extract  15 µl (25-80 µg protein) 
 
Method II: 
 
The decarboxylation activity of CK was measured in a stopped reaction (end point assay) in 
principle according to Walker et al. (1995) with some modifications. PEP formed via CK in 
one reaction mixture was determined in a second reaction mixture containing both pyruvate 
kinase (PK) and lactate dehydrogenase (LDH). By coupling actions of PK and LDH, PEP is 
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subsequently converted into pyruvate and lactate, combined with NADH oxidation (Eqns. 2 
and 3). The compositions of the first and second reaction mixtures were according to Hansen 
et al. (1976) and Plaxton (1990), respectively, with some modifications. 
The reaction catalyzed by CK (in 2 ml mixture 1 at 25°C) was started by addition of crude 
leaf extract or chloroplast extract. 0.2 ml aliquots of the reaction mixture were taken out at 0, 
2, 4, 6 and 8 min, followed by immediate stop of the reaction with 0.05 ml of 20% TCA. 
After neutralization with 0.056 ml of saturated NaHCO3, the samples were clarified by 
centrifugation (13000 rpm, 15 min, Biofuge A). 0.694 ml of the mixture 2 was added to the 
supernatant, and the decrease in extinction at 340 nm (E340) was recorded with a photometer. 
After approx. 15 min PEP was completely converted to lactate via PK and LDH. The decrease 
in E340 is proportional to the amount of NADH consumed, which in turn is proportional to the 
amount of PEP. The values for PEP amount obtained in the first reaction at 2, 4, 6 and 8 min 
are corrected for spontaneous non-specific decarboxylation of OAA (obtained at 0 min). The 
corrected values were then plotted against the sampling time points, and the specific OAA 
conversion rates (µmol/min) were determined from the curve. 
 
 PK 
PEP + ADP ¾¾¾¾¾¾® Pyruvate + ATP (Eqn. 2) 
 Mg 2+ , K + 
 
 
 LDH 
Pyruvate + NADH ¾¾¾¾¾¾® Lactate + NAD +  (Eqn. 3) 
 
Reaction mixture 1: Imidazole-HCl (pH 6.6) 100 mM 
 NaHCO3 50 mM 
 ATP  1 mM 
 MnCl2  5 mM 
 DTT 0.2 mM 
 Oxaloacetate (neutralized) 1 mM 
 Crude leaf extract 15 µl (25-80 µg protein) 
 or chloroplast extract 1 ml (10-50 µg protein) 
 
Reaction mixture 2: Tris-H2SO4 (pH 8.0) 100 mM 
 ADP 2 mM 
 MgCl2  10 mM 
 KCl 50 mM 
 NADH 0.2 mM 
 PK 1 U 
 LDH 6 U 
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PEP formed till N sampling time point (µmol) = [(EN-E1) ´ VM ´ 1000]/(d ´ e) 
 
EN, decrease in extinction at 340 nm in the sample taken at N time point (N = 2, 4, 6, 8); E1, 
decrease in extinction at 340 nm in the sample taken at the 0 min; VM, volume of reaction 
mixture (2) (1 ml); d, cuvette cell length (1 cm); e, molar extinction coefficient of NADH 
(6.22 ´ 103 l mol-1 cm-1). 
 
 
3.4.7 Analyses of metabolites 
 
3.4.7.1 Determination of L-malate contents 
 
Extraction and determination of L-malate in leaves were performed according to Rademacher 
et al. (2002). 
 
Extraction of L-malate: 
 
· Leaf discs (3 cm2) were taken from the third uppermost leaf 8 h after onset of illumination, 
and their fresh weights were measured. 
· Leaf discs were incubated on wet filter in Petri dishes under an irradiance (PFD) of 100 
µmol m-2 s-1 for 30 min. 
· Each leaf disc was submersed in 1 ml of 80% (v/v) boiling ethanol for 15 min. Such 
extraction was repeated twice. 
· The ethanolic fractions were pooled, and evaporated to dryness. 
· The residue was dissolved in 500 µl H2O, water- insoluble material was removed by 
centrifugation (13000 rpm, 5 min, Biofuge A). 
· The supernatant was transferred to a fresh tube and can also be stored at -20°C. 
 
Determination of L-malate in leaf extracts: 
 
L-malate in above extracts was enzymatically quantified by a coupled assay. By the catalysis 
of MDH L-malate can be oxidized to OAA (Introduction 1.4), and the latter is removed by 
transaminating to 2-oxoglutarate via glutamate-oxaloacetate transaminase (GOT) (Eqn. 4). 
The oxidation of malate is proportional to its accompanying NADH formation. 50 µl of 
ethanolic extract (see above) was mixed with 1.3 ml reaction mix. The reaction was started by 
adding 24 U MDH, and incubated at 30°C till the extinction at 340 nm (E340) was constant 
 63  
(about 15 min). The malate content was calculated from the difference in E340 values after 
incubation (E1) and immediately after the addition of MDH (E0). 
 
 GOT 
OAA + glutamate ¾¾¾¾® 2-oxoglutarate + aspartate (Eqn. 4) 
 
Reaction mix:  GlyGly buffer (pH 10.0) 500 µl 
 100 mM NAD 50 µl 
 H2O 750 µl 
 GOT 1 U 
 
GlyGly buffer: Glycylglycin 600 mM 
 L-glutamate 100 mM 
 pH 10.0 
 
L-malate (µmol/g fw) = [(E1-E0) ´ VM ´ VE]/(VP ´ Fw ´  e  ´  d) 
 
E0, E1, extinctions at 340 nm immediately after the addition of MDH and after incubation, 
respectively; VM, volume of reaction mixture (1350 µl); VP, volume of sample in the cuvette 
(µl); VE, volume of malate extract in the reaction mixture (500 µl); Fw, fresh weight of the 
leaf disc (g); e, molar extinction coefficient of NADH (6.22 ´ 103 l mol-1 cm-1); d, cuvette cell 
length (1 cm). 
 
 
3.4.7.2 Determination of UV protectants (flavonoids) contents 
 
Flavonoids were extracted and determined according to Pinto et al. (1999). A leaf disc (3 
cm2) was incubated in 1 ml of extraction buffer at 60°C for 1 h. After discarding the leaf disc, 
the extract was clarified by centrifugation (13000 rpm, 5 min, Biofuge A). The resulting 
supernatant was 1:10 diluted with extraction buffer, and its extinction at 310 nm was 
determined. 
 
Extraction buffer:  99.8% MeOH 79 ml 
H2O 20 ml 
37% HCl 1 ml 
 
 
3.4.8 Determination of photosynthesis parameters  
 
Gas exchange characteristics of tobacco leaves were measured with a LCA-4 open gas-
analyser (Analytical Development Co., Hoddesdon, Herts., UK) in a temperature-controlled 
leaf chamber at a leaf temperature of 25°C and/or 35°C. Fiber optic illumination was provided 
by a Schott KL 1500 projector. The relative humidity was kept at approximately 30% water 
vapour  saturation. The rates of CO2 assimilation (A) were calculated (von Caemmerer and 
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Farquhar, 1981). O2 inhibition of CO2 assimilation was measured either in a gas mixture 
containing 1490 µl l-1 CO2, 21% O2 balanced with N2 or 1510 µl l-1 CO2, 2% O2 balanced 
with N2 provided by gas cylinders. The intercellular CO2 concentrations (Ci) was adjusted by 
varying the concentrations of CO2 in the incoming gas stream with a CO2 diluter. 
Modulated Chl a fluorescence emission from the upper surface of the leaf was measured with 
a pulse amplitude modulation fluorometer (PAM-2000, Walz) (Schreiber et al., 1986). The 
quantum efficiency of electron flux through photosystem II (fPSII) was estimated from the 
ratio of (Fm -´Fs)/Fm  ´(Fm  ´= maximum fluorescence; Fs = steady-state fluorescence) (Genty et 
al., 1989). 
For measurements of photosynthesis parameters, fully developed upper source leaves of 5-
week-old tobacco plants were used. 
 
 
3.4.9 Analysis of plant growth 
 
Plant growth in ambient air: 
 
Plant growth was analysed by measuring several growth parameters.  
1. Plant height  was measured from the upper surface of soil to the base of the leaf stalk of 
the uppermost leaf. The measurement was performed several times during the whole 
experimental period 
2. Leaf number was counted for the leaves with a length of at least 5 cm  
3. Length and width of the upper 7th leaf 
4. Stalk diameter was measured at the position approx. 1 cm above the base of leaf stalk of 
the upper 7th leaf.  
5. Fresh weight of the above-ground plant part was measured just before the end of 
experiment. 
6. Formation of flowers and fruits was observed during the whole experimental period. At 
the end of experiment, the fruits-maturating degree on each plant was determined. Degrees 
1, 2, 3 and 4 are given to plants when 0% - 25%; 25% - 50%; 50% - 75% and 75% - 100% 
of fruits, respectively, were mature on the observation day. 
 
Parameters No. 2-4 were determined on a certain day (see results). The growth rate (increase 
in height per day) and the average length of internode were calculated for each plant on the 
basis of measured data. 
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For statistical investigation on growth of a large number of progenies from crossed transgenic 
plants, the numbesr of progenies from each cross to be investigated were calculated prior to 
the experiment. Since parent plants for individual crosses had various genotypes regarding 
foreign genes, the percentages of progenies that could inherit all foreign genes from both 
parents should be varying among individual crosses. It is unknown whether these parent 
plants were homozygotes or hemizygotes regarding their foreign genes, therefore, the values 
of such percentage were empirically calculated on the basis of data from previous screening 
of progenies from the corresponding crosses. To obtain a similar number of plants in each 
genotype group that contained the maximum available “C4-cycle” genes, the total numbers of 
plants to be used for the experiment (500 plants) were distributed to individual genotype 
groups. The results are as follows: 
 
 Percentage of progenies Progenies to be used 
Genotype containing the maximum  
 available “C4-cycle” genes for the investigation 
cppc/(stppcS9D-C4)/Me2/ppsA/ppt 32% 69 
cppc/(stppcS9D-C4)/Me2/pdk/ppt 22% 103 
cppc/(stppcS9D-C4)/Me2/pdk/pckA/ppt 18% 125 
cppc/Me2/pdk/ppsA/pckA/ppt 11% 203 
 
 
Plant growth under limited CO2 concentrations: 
 
Plants were grown on “Vermiculite” mineral in an air-tight Plexiglass chamber that was 
placed in a climate chamber (see 3.3.3). Water and nutrient solution were supplied regularly. 
In the dark period, sodium hydroxide (NaOH) was used to absorb excess CO2 produced by 
plant respiration to maintain low CO2 levels. 
 
 
3.4.10 Statistical evaluation of experimental data 
 
The data provided in tables and figures are mean value ± standard deviation (SD) of the 
indicated number of independent data acquisitions using leaf samples. Significances of 
differences between wild-type plants and transgenic plants were assayed using the Welch-test 
(Lorenz, 1984), which allows for unequal relative errors between two groups of 
measurements assuming that a Gauss distribution is applicable (I am aware that this is an 
idealization for some of the data sets). 
 
 66  
4 Results 
 
 
4.1 Construction of a plant expression vector carrying the maize PC encoding gene  
 
As stated in section 1.5, our group has been engaged in the establishment of C4-like CO2 
assimilation pathway(s) in C3 plants (e.g. potato, tobacco and rice). Phosphoenolpyruvate 
carboxylase (PC) is one of the enzymes involved in such pathways (see Fig. 1). Apart from 
various PC encoding genes (cppc, eppc and fppc) that had been transformed into potato plants (see 
1.4), a ppc cDNA from Zea mays (Izui et al., 1986), had also been cloned into a plant expression 
vector (pSPM) by our group (Becker, 1990). However, it had not been employed for plant 
transformation, since this cDNA lacks the N-terminal coding sequence including the start codon 
and its upstream untranslated region (Izui et al., 1986). Despite such sequence missing, a 
prokaryotic expression vector carrying this cDNA (pKK233-2[PM]) was able to complement the 
glu--phenotype of E. coli mutant PCR1 (Becker, 1990). 
In E. coli PC plays an important role in anaplerotic replenishment of the intermediates of TCA 
cycle (Ashworth and Kor nberg, 1966). E. coli strain PCR1 is deficient in the PC encoding gene 
ppc2 (Sabe et al., 1984), and therefore requires glutamate or other C4 acids as a carbon source for 
growth on the medium containing glucose or glycerol (Ashworth and Kornberg, 1966). This 
defect can be complemented by introductin of either E. coli PC (Sabe et al., 1984) or foreign PC 
(Izui et al., 1986). Therefore, it is usually used for checking the occurrence and function of PC. 
A longer maize PC cDNA was later isolated that contained a presumable translational initiator 
methionine. Its nucleotide sequence of the 5´ -terminal region was reported (Yanagisawa et al., 
1988), and was confirmed by a study on the complete construction of the maize PC gene 
(Matsuoka and Minami, 1989). However, this longer cDNA was not capable of complementing 
the glu--phenotype of E. coli mutant PCR1 and had no detectable PC activity (Yanagisawa et al., 
1988). 
 
In the present study, in order to clarify the question as to whether the enzyme encoded by a full-
length coding sequence of maize PC gene could be biochemically active, and to investigate the 
effects of this enzyme on CO2 assimilation in transgenic plants, a prokaryotic expression vector 
carrying such a sequence was constructed on the basis of the plasmid pSPM (Becker, 1990). The 
missing N-terminal coding sequence including the start codon was supplied by PCR 
amplification. The encoded PC was examined for its ability to complement the glu --phenotype of 
the mutant PCR1 and its enzyme activity. Construction of a plant expression vector carrying this 
sequence and transformation of this construct into rice plant were also planed. 
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4.1.1 Construction of a prokaryotic expression vector carrying ppc gene from Zea mays 
 
To construct a prokaryotic expression vector carrying the full- length coding region of the 
maize ppc gene, the truncated cDNA carried on the plasmid pSPM was linked with the 
missing N-terminal coding region (104 bp) supplied by PCR amplification. 
 
It had been planed to construct two vectors, one of which should carry the entire encoding 
sequence of maize PC gene, and another should additionally harbor the first intron sequence. 
It has been suggested that introns often increase gene expression post-transcriptionally 
(Gallie, 1998). Both the missing N-terminal coding sequence and the first intron sequence 
were obtained by one PCR, whereby a sequence from the promoter region to the second exon 
was amplified. The PCR primers Zm1 (5 -´primer) and Zm2 (3 -´primer) (2.5) were designed 
according to the published sequence of maize ppc1 gene (GenBank: X15239; Matsuoka and 
Minami, 1989). The PCR product should be 626 bp in size including the first exon (201 bp), 
the first intron (104 bp) and the second exon (321 bp) (Fig. 2). The fragment between the 
restriction sites NcoI and NruI, and the one between NcoI and AvaI could be used for 
constructing the above-mentioned first and second prokaryotic expression vectors, 
respectively. 
 
binding site for 5 -´primer (Zm1) 
¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾® 
TGCTTAGCTTCCCGCCGCGCC ATG GCG TCG ACC AAG GCT CCC 42 
 NcoI 
GGC CCC GGC GAG AAG CAC CAC TCC ATC GAC GCG CAG CTC 81 
CGT CAG CTG GTC CCA GGC AAG GTC TCC GAG GAC GAC AAG 120 
CTC ATC GAG TAC GAT GCG CTG CTC GTC GAC CGC TTC CTC AAC 162 
ATC CTC CAG GAC CTC CAC GGG CCC AGC CTT CGC GAA TTT gtaac 206 
 NruI 
taaac cactgccgcc gcccatttct tcttcgaccg gtctgctgcg cgcggcactg ctcgtacgtc tcccgcc 278 
agt gcttactgta atgcatgcat gcag GTC CAG GAG TGC TAC GAG GTC TCA GCC 332 
GAC TAC GAG GGC AAA GGA GAC ACG ACG AAG CTG GGC GAG CTC 374 
GGC GCC AAG CTC ACG GGG CTG GCC CCC GCC GAC GCC ATC CTC 416 
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GTG GCG AGC TCC ATC CTG CAC ATG CTC AAC CTC GCC AAC CTG 458 
GCC GAG GAG GTG CAG ATC GCG CAC CGC CGC CGC AAC AGC AAG 500 
CTC AAG AAA GGT GGG TTC GCC GAC GAG GGC TCC GCC ACC ACC 542 
GAG TCC GAC ATC GAG GAG ACG CTC AAG CGC CTC GTG TCC GAG 584 
GTC GGC AAG TCC CCC GAG GAG GTG TTC GAG GCG CTC AAG AAC 626 
 AvaI ¬¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾ 
 Binding site for 3 -´primer (Zm2) 
 
Fig. 2 The nucleotide sequence of 5 -´terminal region of maize ppc gene (PCR product) 
 
The number at the end of each line indicates the position of the final nucleotide residue on that line. 
The translation initiation is indicated in box. The intron sequence is represented with small letters and 
the coding regions are represented by capital letters, among which the thick ones represent the 
sequence missing from the truncated ppc cDNA carried on the plasmid pSPM. Arrows indicate binding 
sites for the 5 -´ and 3 -´primers. The important recognition sites of restriction endonucleases for cloning 
are underlined. 
 
Genomic DNA (3.1.2) was isolated from Zea mays and served as a template for the PCR 
(3.1.5) with an annealing condition of “for 1 min at 55°C”. After PCR amplification the 
reaction mixture was applied on a 1% agarose gel and fractionated by subsequent gel 
electrophoresis. The 626-bp PCR product was isolated from the gel with QIAquick Gel 
Extraction Kit (3.1.4) followed by a digestion with two restriction endonucleases NcoI and 
AvaI. A resulting 577-bp fragment was isolated, purified with BIO-RAD Kit, and cloned into 
the vector pTrc99A (4176 bp). The resulting plasmid was named pTrcPCR (4732 bp). The 
ligation mixture was transformed into E. coli strain DH5a. Plasmid DNA isolated from 
ampicillin- resistant clones was identified with digestions using the restriction endonucleases 
ApaI, PvuII, SalI, and NruI and HindIII, respectively (data not shown). 
 
The DNA sequences of PCR products in eight clones were checked by sequencing (3.1.6). 
One of them, from the clone pTrcPCR10, showed no mutation in the region of the first exon. 
It was thus used for the construction of the first vector (see above), in which another part of 
the gene derived from the plasmid pSPM was distally inserted. In order to make the later 
construction of a plant expression vector easier, the CaMV 35S termination sequence 
(pA35S), contained in the plasmid pSPM, was simultaneously inserted. The plasmid 
pTrcPCR10 was digested with both NruI and HindIII, the restriction sites of which were 
located in the PCR amplified sequence and the multiple cloning sites, respectively. A 
resulting 4294-bp fragment containing the 174-bp proximal sequence of the first exon was 
isolated and dephosphorylated. The plasmid pSPM was first completely digested with NruI 
resulting into two fragments. One of them, 7.8 kb in size, was isolated and partially digested 
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with HindIII. A resulting 3347-bp fragment containing the distal part of the ppc gene and the 
termination sequence pA35S was isolated and ligated with the pTrcPCR10 NruI-HindIII 
fragment. The resulting plasmid, named pTrc-Zmppc, carried the entire coding region of 
maize ppc gene (Fig. 3). Its identity was confirmed by the digestions with restriction 
endonucleases EcoRI, BamHI, PvuII, and NruI and HindIII, respectively (Fig. 4). 
 
 
 
Fig. 3 Plasmid map of the vector pTrc-Zmppc 
 
The important regions and the recognition sites for some restriction endonucleases are shown. 
Ptrc regulated trc promoter 
Zmppc sequence encoding maize phophoenolpyruvate carboxylase (PC) 
PA35S termination sequence of CaMV 35S gene  
5S sequence of 3’-partial 5S rRNA 
rrnBT1T2 transcription terminators  
bla gene for b-lactamase rendering E. coli ampicillin-resistance 
lacIq gene for lac repressor protein 
pBR322 ori origin of replication of E. coli 
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Fig.4 Restriction map of the plasmid pTrc-Zmppc 
Plasmid DNA was  digested with the restriction endonucleases given below and separated on 1% agarose gel by 
electrophoresis. The sizes of the resulting DNA fragments are shown. The lambda DNA digested with PstI was 
used as DNA molecular weight standards. 
 
1 pTrc-Zmppc / EcoRI: 5456 bp, 2210 bp 
2 pTrc-Zmppc / BamHI: 4931 bp, 2735 bp 
3 pTrc-Zmppc / PvuII: 5381 bp, 1119 bp, 531 bp, 410 bp, 132 bp, 93 bp 
4 pTrc-Zmppc / NruI, HindIII: 4294 bp, 3102 bp, 272 bp 
5 DNA size marker l DNA / PstI 
 
As several mutations were found in the sequences examined so far between the first intron to 
the second exon, the originally planed construction of the second vector (see above) was not 
undertaken. 
 
 
4.1.2 Phenotypic complementation test of the prokaryotic expression vector carrying 
full-length coding region of maize ppc gene  
 
As pointed out above, the E. coli PC-less mutant PCR1 can be used for checking the 
occurrence and function of heterologous PC. In order to examine whether the chimeric coding 
sequence of maize ppc gene could encode an active PC, the constructed vector pTrc-Zmppc 
was tested for its ability to complement the phenotype (glutamate requirement) of PCR1. 
 
E. coli strain PCR1 was transformed with pTrc-Zmppc and plated on LBamp plates. The 
ampicillin- resistant clones were then replica-plated on the E-minimal medium with or without 
the supplement of L-glutamate (3.2.3), and in the absence or presence of IPTG. In E. coli the 
trc promoter of the vector pTrc99A, which is repressed by the lac repressor protein encoded 
by the lacIq-allele on the vector, can be effectively induced by the addition of IPTG (Amann 
et al., 1988). 
- 11.5 kb 
-   4.5 kb 
-   2.8 kb 
-   1.7 kb 
-   1.2 kb 
-   0.8 kb 
-   0.5 kb 
-   0.26 kb 
    1      2      3      4      5 
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The results of two sets of complementation experiments are shown in Tab. 1 and Fig. 5, 
respectively. 
 
Tab. 1 Results of phenotypic complementation test for the vector pTrc-Zmppc 
 
Growth was observed for E. coli strains W8 and PCR1 (pTrc99A) (as controls) as well as PCR1 (pTrc-Zmppc) on 
E-minimal plates with or without L-glutamate supplement (represented by “E+Glu” and “E-Glu”, respectively), and 
in the absence and presence of IPTG (in different concentrations) after 16 h incubation at 37°C and 30°C. 
Normal, slow and no growth were represented by the symbols +, (+) and -, respectively. 
 
Growth of E.coli on individual media 
E+Glu E-Glu E-Glu+0.2 mM IPTG E-Glu+2 mM IPTG E. coli strain 
30°C 37°C 30°C 37°C 30°C 37°C 30°C 37°C 
W8 wild type + + + + + + + + 
PCR1 (pTrc99A) + + - - - - - - 
PCR1 (pTrc-Zmppc) + + (+) (+) + + + + 
 
Tab. 1 illustrates that the wild-type strain W8 grew well on all the given media. The mutated 
E. coli strain PCR1, transformed with the vector pTrc99A, only grew on the medium with the 
supplement of L-glutamate. PCR1, transformed with the vector pTrc-Zmppc, grew well in 
almost all the media, with one exception: it grew slowly on the media without L-glutamate 
supplement in the absence of IPTG (Tab. 1). These observations indicate that the phenotype 
of the PCR1 mutant was only complemented by the transformation of the vector pTrc-Zmppc. 
Chimeric maize ppc gene must have been effectively expressed and resulted in active PC 
protein. 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Phenotypic complementation test for the vector pTrc-Zmppc 
 
Growth was observed for individual E. coli strains on the E-minimal plates without supplement and omitting IPTG 
(A), without supplement but containing 2 mM IPTG (B) or omitting IPTG but supplemented with L-glutamate (C) 
after incubation for 24 h at 37°C. W8 and pTrc represent wild-type E. coli strain W8 and the E. coli PCR1 mutant 
bearing pTrc99A, respectively. The numbers represent independent ampicillin-resistant PCR1 clones after the 
transformation with the plasmid pTrc-Zmppc. By endonucleases restriction analysis (Fig. 4) it was proved that 
eight clones bore the plasmid pTrc-Zmppc, while the remaining two (No. 15 and 16) lacked it. 
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Similar results obtained in another set of experiments are shown in Fig. 5. As expected, the 
wild type (W8) grew on all the given media. The PCR1 strain bearing pTrc99A, and two 
PCR1 clones being ampicillin-resistant but lacking pTrc-Zmppc only grew on the medium 
with the glutamate supplement. All the PCR1 clones bearing pTrc-Zmppc, grew well on E-
minimal medium without glutamate supplement but containing IPTG. In the case of clones 
No. 1 and 7, the bacteria even showed limited growth on the E-minimal medium without 
glutamate supplement and also omitting IPTG (Fig. 5). 
 
 
4.1.3 Determination of PC activities in transgenic bacteria 
The results of the phenotypic complementation test had proved that the chimeric maize ppc 
gene could be effectively expressed in ppc- mutant PCR1. In order to investigate its 
expression in PC positive strain DH5a, the vector pTrc-Zmppc was transformed into this 
bacteria strain. The PC activity was measured in the bacterial transformants. DH5a 
transformed with the vector pTrc99A served as a control strain. 
 
Three DH5a (pTrc-Zmppc) clones No. 1, 2 and 4 and three DH5a (pTrc99A) clones were 
grown in LB liquid culture at 37°C. At the logarithmic growth phase, samples were removed 
from cultures immediately before the addition of IPTG (4 mM). After incubation for three 
more hours, the cultures containing IPTG were harvested. Soluble proteins were isolated from 
the samples with or without IPTG induction by grinding bacterial cells with aluminium oxide 
(3.4.1). Supernatant, containing 60-90 µg proteins, were used for the PC activity 
measurements (3.4.6). The results are outlined in Tab. 2. 
 
Tab. 2 Enzyme activities of PC in untransformed and transformed E. coli strains 
 
E. coli strain Specific PC activity 
b 
(mU/mg protein) Relative PC activity 
c 
DH5a (pTrc99A) 5.35 ± 0.78 1.0 
DH5a (pTrc-Zmppc) 4.34 ± 0.60 0.8 
DH5a (pTrc99A)/IPTG induced a 10.49 ± 5.23 2.0 
DH5a (pTrc-Zmppc)/IPTG induced 42.58 ± 4.11 8.0 
 
a The induction was carried out with 4mM IPTG at 37°C for 3 h. 
b The data represent the mean ± SD of the values for three clones. 
c Relative PC activity was calculated by dividing specific PC activity for individual strains by that for the strain 
DH5a (pTrc99A) incubated in the absence of IPTG. 
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The E. coli strain DH5a (pTrc99A) showed a PC specific activity of 5.35 mU/mg protein, 
which should be attributed to endogenous PC. A similar specific activity was observed for the 
strain DH5a (pTrc-Zmppc) cultured in the absence of IPTG. After IPTG induction, the PC 
activity was increased two fold in the strain DH5a (pTrc99A), and by a 8-fold in the strain 
DH5a (pTrc-Zmppc). These results suggest that this maize ppc gene from pTrc-Zmppc was 
effectively expressed in E. coli strain DH5a after IPTG induction. The resulting protein had 
PC activity, which should be responsible for the complementation of the phenotype of ppc-  
mutant PCR1. 
 
In conclusion, the constructed vector pTrc-Zmppc was demonstrated to carry the full- length 
coding region of maize ppc gene, including the correct sequence for the 5´ -terminal region 
that had been missing in the previous construct pSPM. The protein encoded by this ppc gene 
functioned well as PC enzyme and was able to complement the glu--phenotype of E. coli 
mutant PCR1. The PC activity was increased in the DH5a transformed with this vector. 
In a previous study by our group, a more significant increase in PC activity had been observed 
for the PCR1 transformed with the vector pTrc-cppc that contains ppc gene from C. 
glutamicum (Gehlen et al., 1996). PCR1 (pTrc-cppc) without and with IPTG induction gave 
rise to 10- and 270-fold higher PC activities as compared with PCR1 (pTrc99A). However, a 
low expression of PC in prokaryotic expression system is not necessarily linked with low 
expressions in plants, because some effectors - e.g. the promoter sequence in the plant 
expression vectors - would strongly affect the gene expression levels. 
Since more efforts were focused on the establishment of C4-like pathway(s) in tobacco plants, 
the further construction of a plant expression vector containing this full- length coding region 
of maize ppc gene for the transformation of rice plants was not performed in the present 
study. 
 
 
4.2 Stable transformations of Nicotiana tabacum with “C4-cycle” genes and screening 
for transgenic plants 
 
The objective of this study was to establish C4-like CO2 assimilation pathway(s) in the C3 
plant Nicotiana tabacum (1.5). The crucial step to fulfill this objective was to transform 
tobacco with “C4-cycle” enzymes encoding genes (“C4-cycle” genes). 
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The pVL amplicon expression system had been newly established on the basis of luteoviral 
replication and was expected to render inserted genes of high expression levels (Lipka, 1999). 
Thus, the transformation of tobacco with “C4-cycle” genes was first performed using this 
expression system. However, there were no detectable foreign proteins in the transformed 
plants (4.2.1). 
Another available plant expression vector pS (Becker, 1990) had been used for the 
transformation of “C4-cycle” genes into Solanum tuberosum resulting in satisfactory gene 
expression (Becker, 1990, Gehlen et al., 1996; Panstruga et al., 1997). Therefore, further 
transformations of tobacco were undertaken employing the pS expression constructs carrying 
the “C4-cycle” genes cppc, Me2, ppsA or pckA (4.2.2). 
In order to examine the possibility of shortening the time period required for introducing all 
the desired “C4-cycle” genes into single tobacco plants, transformations of tobacco with a 
plasmid pSPAMh-pdk-me-tpt, carrying three genes, was also made (4.2.3). 
 
Since effective transformation methods are important for ensuring high transformation 
efficiencies, care was taken during the performance of transformations to find out the better 
methods (4.2.2.1). Traditional leaf disc transformation method (Horsch et al., 1985) and the 
optimized methods (4.2.2) were utilized for the stable transformations of Nicotiana tabacum 
L. cv. Petit Havana SR1. 
 
 
4.2.1 Transformation of tobacco with pVL amplicon expression constructs by means of 
traditional leaf disc method and screening for transgenic plants by Western blot 
analyses 
 
Six derivatives of the plasmid pVL2 (pVL-cppc, pVL-eppc, pVL-stppc, pVL-me, pVL-Lpps 
and pVL-Lpck) were used for the transformations of tobacco plants. They carry “C4-cycle” 
genes cppc, eppc, stppc, Me2, ppsA and pckA, respectively (see Materials 2.3).  Traditional 
leaf disc transformation method (method I in 3.3.4) was employed. The pVL amplicon 
expression system had been established on the basis of luteoviral replication. The CABYV-
cDNA sequence was modified by substituting the open reading frame 4 and 5, coding for the 
movement protein and viral coat protein, by foreign genes to be expressed. The expression 
levels of foreign genes in this expression system were expected to be much higher than that 
one under the sole control of CaMV 35S promoter. Moreover, since this viral replication 
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system was located in the cytoplasm of plant cells, the expression of foreign genes should be 
independent of the integration milieu of transgenic plant genome. This would minimize the 
variations of expression levels of foreign genes among regenerated plants (regenerants) 
(Lipka, 1999). 
 
Fifteen independent transformations were carried out either individually with one or 
simultaneously with two of the Agrobacterium strains containing respective above-mentioned 
constructs. Of 1097 regenerants obtained, 130 were screened for foreign proteins in their leaf 
extracts by Western blot analyses. Regenerants for the transformation with the plasmid pVL2 
served as negative controls. 
50 µg soluble proteins contained in leaf extracts (3.4.2) were applied on the SDS-
polyacrylamide gels and separated by gel electrophoresis (3.4.4). By subsequent Western 
blotting, the protein bands pattern was transferred onto a nitrocellulose membrane. The 
transfer results were examined by reversible Ponceau-staining. The foreign proteins were 
detected on the membrane by immunostaining (3.4.5), whereby the corresponding primary 
antibodies (2.6), against individual foreign proteins, and the alkaline phosphatase-conjugated 
secondary antibodies (2.6), against first antibodies, were successively used. Locations of 
protein-antibodies complexes were visualized by chromogenesis via alkaline phosphatase 
using BCIP and NBT as substrates. 75, 26, 25, 5, 71 and 8 regenerants were screened for 
transgenes encoded proteins PCC, PCE, PCSt, ME, CK, and PS, respectively. Unfortunately, 
none of them showed immunoreactive band specific for the corresponding foreign proteins. 
 
Further studies were made to examine if the foreign proteins could be detected in roots. 
Soluble proteins were isolated from roots of 11 plants regenerated from the co-
transformations with both pVL-cppc and pVL-Lpck. Again, no signal for PCC or CK was 
found in any investigated plants. 
 
 
In addition, a troublesome problem emerged during the transformations employing method I. 
It was very difficult to eliminate Agrobacterium tumefaciens from transformed leaves after 
the “co-cultivation” step, even by placing the leaves on the medium containing a high 
concentration (500 mg/l) of cefotaxime for three days. After 15-30 days when calli, and even 
shoots had already formed on transformed leaves, persisting Agrobacterium appeared again 
on their surface. This kind of “over-growth” of Agrobacterium rapidly spread throughout the 
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plate and led to damage of transformed leaves and regenerated shoots. In order to rescue most 
of the leaves and shoots, once over-growth of Agrobacterium was observed on a single leaf 
disc or shoot, others had to be washed and transferred to fresh plates, which caused 
considerable waste of work, time and material. An attempt was made to solve this problem 
during further transformations (4.2.2.1). 
 
 
4.2.2 Transformation of tobacco with pS expression constructs by means of optimized 
transformation methods and screening for transgenic plants 
 
Due to failure to detect any foreign protein in tobacco pVL-constructs transformants (4.2.1), 
pS expression constructs, with which the transformations of potato plants had been 
demonstrated to give rise to expected proteins, were chosen for further transformation of 
tobacco plants. 
 
Eight independent transformations were performed using the A. tumefaciens strain GV3101 
(2.2) harboring the construct pS-5 U´Tcppc, pS-ME, pS-rLpps or pS-Lpck (2.3), respectively. 
These Agrobacterium strains were employed either individually or simultaneously with two 
of them (co-transformation) in different combinations. More than 700 independent 
regenerants were obtained.  
 
In addition, to prevent the problem of Agrobacterium persistence that had been met in earlier 
study (see 4.2.1) and to increase efficiencies of tobacco transformation, attempts were made 
to optimize traditional leaf disc method (method I) during these transformations (4.2.2.1). 
New methods, methods II and III (see Methods 3.3.4), were established. 
 
After transformations Western blot analyses were undertaken to screen regenerated tobacco 
plants for foreign proteins (4.2.2.3). The integration of “C4-cycle” genes in the genomes of 
transgenic plants was examined by PCR analyses (4.3.1). Activities of “C4-cycle” genes 
encoded enzymes were determined in the transformants that showed larger accumulation of 
the corresponding proteins in Western blot analyses (4.3.2). 
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4.2.2.1 Optimization of transformation methods during the transformation of tobacco 
with pS expression constructs 
 
During three sets of co-transformations, several variations were introduced in the traditional 
leaf disc method (method I, see 3.3.4) regarding the light intensity, titer of Agrobacterium for 
co-cultivation with leaves, duration of co-cultivation, treatment for eliminating 
Agrobacterium after co-cultivation, and concentration of kanamycin in the medium for plant 
selection. In addition, a simpler method for preparing leaf material was used for “leaf piece 
transformations”, whereby the source leaves were cut to pieces with a sharp knife instead of 
being punched to discs. Similar method has been reported for the transformation of Solanum 
tuberosum (De Block, 1988). The equally varied methods were employed for each set of co-
transformation. Care was taken to use source leaves of similar sizes and age. 
 
After transformations the formation of calli and shoots was observed in the following eight 
weeks (data not shown). Co-transformations with constructs in different combinations did not 
show any difference in the transformation and regeneration efficiencies. The results of one set 
of co-transformations are outlined in Tab. 3. 
 
For leaf disc transformations (Tab. 3A), the transformation frequencies of 96% and 44% were 
observed for the plate No. 2 and No. 3, respectively, whereas only 23%-29% were for No. 1, 
4 and 5. From the first step to that of eliminating Agrobacterium, the conditions for No. 1 and 
No. 5 differed from each other in bacterial titer. However, this did not cause any difference 
between them in the transformation frequency. In contrast, a comparison between No. 3 and 
No. 2 reveals that the transformation frequency was decreased by more than 50% when co-
cultivating duration was prolonged (from 40min for No. 2 to 60 min for No. 3). This might be 
due to severe damage of leaves, caused by long-term over-growth of Agrobacterium. This 
assumption is reinforced by the result of No. 4, for which further declined transformation 
frequency was observed due to omitting the steps of Agrobacterium elimination. 
 
The shoot regeneration frequencies were not directly determined in the present study. 
However, they are indirectly reflected in “the percentages of leaves developing shoots” (Tab. 
3). The observations showed that for each number of plate the percentage of leaves 
developing shoots was higher than the percentage of leaves forming calli. This indicates that 
on the average more than one shoot per leaf disc (or piece) was regenerated. The larger the 
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differences between these percentage values are, the more shoots should have been 
regenerated from each leaf disc (or piece). The highest values of such difference were 
obtained from both No. 3 and No. 5, for which the transformed leaves were selected under a 
higher concentration of kanamycin (150 µg/ml). In contrast, other plates of leaves, which had 
been selected under kanamycin with a 50% decreased concentration (75 µg/ml), showed 
much lower values of such difference. Different selecting pressures might be responsible for 
these distinct results. 
 
 
Tab. 3 Efficiency comparisons between the transformations using different methods 
 
Various methods were employed for transformations of leaf discs (A) and leaf pieces (B) on different plates. 
“Percentage of leaf discs (pieces) forming callus (calli)” was calculated by dividing the sum total of leaf discs 
(pieces) forming callus (calli) (on the 29th day after the beginning of selection) by the number of transformed leaf 
discs. “Percentage of leaf discs (pieces) developing shoot(s)” was calculated by dividing the sum total of 
transgenic shoots by the number of transformed leaf discs (pieces). “Transgenic shoots per source leaf” was 
calculated by dividing the sum total of transgenic shoots by the sum total of source leaves, the size of which was 
corresponding to that with 5.5 cm in length and 3.5 cm in width. “+” or “-“represents the presence or absence of 
corresponding conditions.  
 
A Leaf disc transformations 
25-28 leaf discs (d = 5 mm) were placed upside down on each Petri plate (No. 1-5) containing MSH medium. After 
co-cultivating with Agrobacterium tumefaciens, they were successively incubated for 2 days at 20°C and for 2 
days at 30°C in light with 16/8 h light/dark regime. After washing with sterile water and eliminating Agrobacterium , 
leaf discs were transferred to the selection medium. 
 
Plate numbers and results Conditions and evaluations 
1 2 3 4 5 
Number of transformed leaf discs 28 25 27 26 25 
1/20 + + + + - Dilution of Agrobacterium tumefaciens   
culture with OD600 of 0.8-1.1 undiluted - - - - + 
Duration of co-cultivation 5 min 40 min 60 min 60 min 5 min 
(I) on MSHC500 medium at 30 °C 4 d 4 d 4 d 0 d 4 d 
Elimination of 
Agrobacterium 
(II) by soaking transformed leaves in 
water containing 500 µg/ml cefotaxime 
at room temperature 
30 min 30 min 30 min 0 min 30 min 
75 + + - + - Kanamycin concentrations in  
the selection medium (µg/ml) 150 - - + - + 
Percentage of leaf discs forming callus (calli) 29% 96% 44% 23% 24% 
Percentage of leaf discs developing shoot(s) 36% 110% 74% 31% 56% 
Transgenic shoots per source leaf  9 27 19 8 14 
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B Leaf piece transformations 
8-18 leaf pieces (S » 10 mm  ´25 mm) were floated upside down on 10 ml of 1/200 diluted (with liquid MS 
medium) Agrobacterium tumefaciens culture (OD600=0.8-1.1) in Petri plate (No. 6-11, continued to that in Tab. 3A) 
for 3 days at 22-24 °C. After elminating Agrobacterium , they were placed on the selection medium. 
 
Plate numbers and results Conditions and evaluations 
6 7 8 9 10 11 
Numbers of transformed leaf pieces  9 8 18 10 9 18 
In light with normal intensity + + + - - - 
Co-cultivation 
in light with low intensity - - - + + + 
(I) on MSHC500 medium at 30 °C 4 d 4 d 0 d 4 d 4 d 0 d 
Elimination of 
Agrobacterium 
(II) by soaking transformed leaves in 
sterile water containing 500 µg/ml 
cefotaxime at room temperature 
0 min 30 min 0 min 0 min 30 min 0 min 
75 - - + - - + Kanamycin concentrations in 
the selection medium (µg/ml) 150 + + - + + - 
Percentage of leaf pieces forming callus (calli) 44% 100% 44% 80% 89% 78% 
Percentage of leaf pieces developing shoot(s) 89% 125% 61% 150% 156% 117% 
Transgenic shoots per source leaf  3 5 2 6 6 5 
 
 
For leaf piece transformations (Tab. 3B) different light intensities were applied for the plate 
groups No. 6-8 and No. 9-11 during the co-cultivation of Agrobacterium and leaves. 
Comparisons of the results between two plate groups reveal that when other conditions were 
identical, in most cases the decrease in light intensity during co-cultivation caused higher 
transformation frequencies. Among each plate group, the conditions for eliminating 
Agrobacterium are varying. Higher transformation frequencies were obtained when both steps 
for eliminating Agrobacterium were applied (e.g. No. 7). In addition, the treatment for 
eliminating Agrobacterium also resulted in higher regeneration frequencies. These results 
strongly suggested that the over-growth of Agrobacterium and its resulting decreases in 
transformation and regeneration frequencies could be prevented by the treatment for 
eliminating Agrobacterium, in particular, when the additional step (step II) was applied. 
Furthermore, differences in the regeneration frequency due to different selection pressures 
were also observed for leaf piece transformations. 
 
It was shown that leaf piece transformations (Tab. 3B) gave rise to comparable and even 
higher transformation and regeneration frequencies when compared with leaf disc 
transformations (Tab. 3A). These results suggested that the leaf piece method is feasible for 
the transformation of tobacco. As outlined above, this procedure is simpler and requires much 
lower titers of Agrobacterium. 
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Based on the above observations, the following points should be considered during the 
transformation of tobacco leaves: 
1. Sufficient, but not excessively long-time periods of co-cultivation of Agrobacterium and 
leaves can increase both the transformation and regeneration frequencies. Too long 
duration of co-cultivation can cause over-growth of bacteria on leaves, and thus decrease 
the regeneration frequency. In this experiment, 40 min was demonstrated to be most 
advantageous for co-cultivation of leaves with 1/20 diluted Agrobacterium culture (OD600 
= 0.8-1.1).  
2. Treatments for eliminating Agrobacterium are necessary for increasing both 
transformation and regeneration frequencies. In this experiment, step II showed 
additional positive effect. In fact, further study indicated that step II was more effective in 
eliminating Agrobacterium than step I (data not shown). 
3. Higher concentrations (e.g. 150 µg/ml) of kanamycin can increase the selection 
efficiency. 
4. For the transformation by floating leaves on 1/200 diluted Agrobacterium for 3 days, low 
light intensity can increase both transformation and regeneration frequencies. 
 
 
4.2.2.2 Screening of regenerants for foreign proteins by Western blot analyses 
 
After transformations with individual pS-“C4-cycle” gene constructs (4.2.2.1), 662 
regenerants (T0 plants) were obtained, 325 of which were from transformations with single 
constructs and the other 337 plants from co-transformations. Western blot analyses were done 
detecting “C4-cycle” gene encoded proteins in their crude leaf extracts and/or chloroplast 
extracts.  
 
Qualitative analyses of immunoreactive signals were performed by comparing their sizes with 
the reported molecular weights of corresponding proteins, as well as the sizes for 
corresponding positive controls. cppc encoded protein (PCC) is approx. 100 kD in size 
(Gehlen et al., 1996). Me2 encodes a precursor protein of 71.2 kD, composed of a 6.7 kD 
large chloroplastic transit peptide and a mature protein (ME) of 64.5 kD (Lipka, 1999). The 
protein derived from the chimeric ppsA is 94 kD while the mature protein (PS) is 88 kD in 
size (Panstruga et al., 1997). The expression of chimeric pckA resulted in a 58.1 kD sized 
mature protein (CK) along with a 5.9 kD chloroplastic transit peptide (Lipka, 1999). Some 
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blots were also quantitatively analysed for the intensities of immunosignals by 2D 
densitometric determinations.  
 
Examples for Western blot analyses using crude leaf extracts are shown in Fig. 6. In order to 
examine whether foreign ME, PS and CK were successfully targeted to the chloroplasts of 
corresponding transgenic plants, Western blot analyses were also performed using their 
chloroplast extracts (see Fig. 7). 
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Fig. 6 Western blotting and immunodetection of PCC (A), ME (B), PS (C) and CK (D) in crude 
leaf extracts of transformed tobacco plants 
 
50 µg soluble proteins from crude leaf extract of each plant were separated on 7% (for ME, PS and CK) or 10% 
(for PCC) SDS-polyacrylamide gel and blotted onto nitrocellulose membrane. Reversible Ponceau staining (lower 
panel) and immunostaining (upper panel) were performed on the same blot. The immunodetections were carried 
out using PCC-, ME-, PS- and CK-specific polyclonal antibodies with the dilution rate of 1/500, 1/500, 1/6667 and 
1/500, respectively. Anti-CK-serum was pre-adsorbed by crude leaf extracts of wild type before use. Wild type 
was used as negative control. The molecular weights of marker proteins are indicated on the left. The arrows on 
the right indicate the size position of individual transgenic protein bands (Tp = transit peptide).  
A. Lane 1: marker proteins SDS6H (Sigma) and 2 µg purified protein extract from E. coli PCR1 (pTrc-cppc) as 
positive control. Lane 2: crude leaf extract of wild type. Lanes 3-9: crude leaf extract of the regenerated plants 
PCC 94-100, respectively.  
B. Lane 1: marker proteins SDS6H (Sigma) and 1.5 µg total protein extract from the E. coli strain HG20 (pME3), 
in which the GST-ME fusion protein (93.5 kD) was used as positive control. Lane 2: crude leaf extract of wild type. 
Lanes 3-8: crude leaf extract of the regenerated plants ME 45, 47, 54, 57, 59 and 31, respectively. 
C. Lane 1: marker proteins SDS6H (Sigma) and 96 ng purified PS from E. coli, as positive control. Lane 2: crude 
leaf extract of wild type. Lanes 3-9: crude leaf extract of the regenerated plants  PS 574-580, respectively. 
D. Lane 1: marker proteins SDS6H (Sigma). Lane 2: crude leaf extract of wild type. Lanes 3-9: crude leaf extract 
of the regenerated plants  CK 291, 292, 293, 294, 276, 278 and 279, respectively. 
 
 
97 kD - 
66 kD - 
97 kD - 
66 kD - 
Tp-CK 
CK 
 1       2       3       4       5       6       7       8      9 
D 
116 kD - 
  97 kD - 
116 kD - 
  97 kD - PS 
1       2       3       4       5       6       7       8       9 
C 
 83  
Ponceau staining patterns (lower panels) in Fig. 6A-D demonstrated that identical amounts of 
soluble proteins from individual investigated plants were applied for the analysis. 
 
Immunostaining patterns (upper panels) in Fig. 6A showed that the wild type had a faint 
signal at a slightly higher position, which was probably due to a cross reaction between 
endogenous PC and anti-PCC-serum. Both the plants PCC94T0 and PCC95T0 showed negative 
results as found for the wild type. Each of the remaining plants gave rise to an immunosignal 
corresponding to the positive control. Densitometric determinations revealed that the plant 
PCC97T0 had the lowest signal intensity, and other PCC T0 plants, i.e. 100, 98, 96 and 99, had 
4-, 3-, 3- and 2-fold higher intensities, respectively. The protein bands with lower molecular 
weights in lanes 1 and 9 might be explained as degradation products of PCC protein. 
In Fig. 6B, the positive control was a GST-ME fusion protein (93.5 kD) (Lipka, 1999). 
Attempts to extract ME from leaves of F. pringlei have failed (data not shown), which might 
be due to the extremely low expression of Me2 gene in this plant (Lipka et al., 1994). No 
detectable signal was found for the wild type. Three of the investigated ME T0 plants, i.e. 31, 
47 and 59, showed signals with the size close to the marker protein of 66 kD, which 
corresponded well with the reported value (64.5 kD). Compared to the plant ME47T0, other 
ME T0 plants No. 31 and 59 had 3- and 6-fold higher signal intensities, respectively. 
In Fig. 6C, wild type did not show any detectable band. Six of the investigated plants gave 
rise to bands corresponding to the positive control. Compared to the plant PS580T0, other PS 
T0 plants - namely 576 and 577, 575 and 579, and 578 - showed 7-, 6-, and 5-fold higher 
signal intensities, respectively. 
In Fig. 6D, two of the investigated CK T0 plants, i.e. 276 and 279, showed specific 
immunosignals with similar intensities. Two bands were observed for the plant CK276T0. 
The size of the lower one corresponded well with the reported molecular weight of mature 
CK protein (58.1 KD). The upper band might be attributable to an unprocessed fusion protein 
composed of mature CK and a 5.9 kD sized transit peptide. This assumption was confirmed 
later by Western blot analysis using chloroplast extracts of one progeny (S1 plant) of this 
plant (Fig. 7B). The remaining transformed plants only showed some nonspecific bands as did 
the wild type. 
 
Fig. 7 illustrates some examples for Western blot analyses using chloroplast extracts of 
transformed plants. 
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Fig. 7 Western blotting and immunodetection of PS (A), CK (B) and ME (C) in chloroplast 
extracts and/or crude leaf extracts of transformed tobacco plants 
 
50 µg total proteins from individual extracts of each plant were separated on 7% SDS-polyacrylamide gel and 
blotted onto nitrocellulose membrane. Reversible Ponceau staining (lower part) and immunostaining (upper part) 
were performed on the same blot. The immunodetections were carried out using PS- and CK- and ME-specific 
polyclonal antibodies with the dilution rate of 1/6667, 1/500 and 1/500, respectively. Anti-CK-serum was pre-
adsorbed by crude leaf extract of wild type plant before usage. Wild type was used as negative control. The 
molecular weights of marker proteins are indicated on the left. The arrows on the right indicate the s ize position of 
individual transgenic protein bands (Tp = transit peptide).  
A. Lane 1: marker proteins SDS6H (Sigma) and 96 ng purified PS from E. coli, as positive control. Lane 2: 
chloroplast extract of wild type. Lane 3: chloroplast extract of plant PS576/1S1. 
B. Lane 1: marker proteins SDS6H (Sigma) and 1 µg total protein extract from S. meliloti 2011, as positive 
control. Lane 2: crude leaf extract of wild type. Lane 3: chloroplast extract of wild type. Lane 4: crude leaf extract 
of plant CK276/10S1. Lane 5: chloroplast extract of plant CK276/10S1. 
C. Lane 1: marker proteins SDS6H (Sigma). Lane 2: crude leaf extract of wild type. Lanes 3-4: crude leaf extracts 
of plants ME31/3S1 and ME31/4S1, respectively. Lane 5: crude leaf extract of plant ME59/5/2S2. 
 
Both PS and CK were detected in chloroplasts of transgenic plants but not in the wild type 
(Fig. 7A and 7B). This indicates that the rbcS1 transit peptide had successfully mediated the 
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targeting of these foreign proteins to chloroplasts of transgenic tobacco plants. In Fig. 7A, a 
very strong immunosignal with a size corresponding to that for the positive control was 
detected in the chloroplast extract of the plant PS576/1S1 but not in wild type. In Fig. 7B, a 
progeny (S1 plant) of self- fertilized CK276T0 (see Fig. 6D) - the plant CK276/10S1 - showed 
an immunosignal corresponding to the positive control (58.1 kD) in its chloroplast extract as 
well as crude leaf extract. An additional band at a higher position was observed in its crude 
leaf extract, which might be attributable to unprocessed fusion protein (i.e. 64 kD sized transit 
peptide-CK). In contrast, neither crude leaf extract nor chloroplast extract of wild type 
showed such signals. To examine the localization of foreign mature ME, indirect evidence 
was obtained by Western blot analysis using crude leaf extracts of Me2 transgenic plants (Fig. 
7C). A second generation of progeny (S2 plant) of self- fertilized ME59T0 (see Fig. 6B) - the 
plant ME59/5/2S2 - exhibited an additional band above the band for mature ME (64.8 kD). Its 
signal intensity was much higher than the lower band, suggesting an unprocessed precursor 
ME polypeptide (71.2 kD). This proposal was supported by further studies on ME activities in 
both crude leaf extracts and chloroplast extracts of Me2 transgenic plants (4.2.2.4.2). 
 
Finally, 42% of 662 plants investigated showed immunosignal(s) for “C4-cycle” gene encoded 
protein(s). These proteins were detected in 35% of those regenerants from the transformations 
with single gene constructs. For those plants obtained from co-transformations, the detection 
rate was 48%, among which 46% was attributable to the “single transformants, and only 2% 
to “double transformants”. These observations suggested that co-transformation is not an 
effective method for introducing all “C4-cycle” enzymes into single tobacco plants. After the 
transformations with PCC, ME, PS or CK encoding genes, 52%, 37%, 23% or 15% of the 
regenerants were demonstrated to harbor the corresponding foreign proteins (Tab. 4).  
 
Tab. 4 Final results of immunological detection of foreign proteins in regenerated plants 
after the transformations with pS-expression constructs 
 
Result evaluations  
Transformations with 
single gene 
constructs 
Co-
transformations 
with two gene 
constructs 
Total 
Numbers of plants investigated 325 337 662 
PCC 58% 50% 52% 
ME 44% 35% 37% 
PS 56% 8% 23% 
Detection rates for transformants 
containing respective foreign proteins  
CK 20% 4% 15% 
Detection rates for transformants containing 
at least one foreign proteins  
35% 48% 42% 
Detection rate for double transformants  - 2% - 
Detection rate for single transformants - 46% - 
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In order to compare the amounts of foreign proteins between independent transformants, 1 to 
3 (for CK) or 1 to 4 (for other proteins) levels were given to the intensities of corresponding 
immunosignals. 
The transformants (T0 plants) that showed highest levels of immunosignal intensity were 
chosen for further studies (see 4.3). These plants included fourteen cppc transformants, i.e. the 
PCC T0 plants 5, 100, 120, 122, 178, 185, 194, 197, 200, 201, 202, 240, 273 and 290; six Me2 
transformants, i.e. the ME T0 plants 15, 59, 80, 154, 263 and 404; three ppsA transformants, 
i.e. the PS T0 plants 535, 548 and 576; six pckA transformants, i.e. the CK T0 plants 225, 274, 
276, 283, 440 and 609; and one double transformant, i.e. the plant PCC/ME158T0. 
 
 
4.2.3 Re-transformation of transgenic tobacco plants with a triple-“C4-cycle”-genes 
carrying vector and screening for transformants 
 
Since co-transformations had been proved to be ineffective in introducing all “C4-cycle” 
enzymes into single tobacco plants (4.2.2.2), two additional approaches were simultaneously 
undertaken to fulfill this objective. One was to cross the single and/or double transformants 
that overexpressed different “C4-cycle” gene(s) (see section 4.4). Another was to transform 
tobacco with a vector that carries all the desired enzymes encoding genes in one T-DNA. 
In the latter approach, the plasmid pSPAMh-pdk-me-tpt (see Materials 2.3), triply carrying 
the genes pdk, Me2, and ppt under the controls of single or double CaMV 35S promoter, was 
employed. When this construct was ready for use, some tobacco plants containing more than 
one foreign “C4-cycle” enzymes had already been created by crossing (the first approach, see 
4.4). However, in order to address the question as to whether multiple “C4-cycle” genes can 
be transferred to C3 plants by one plasmid, and to further increase the amounts of the already 
introduced “C4-cycle” enzymes, eleven transgenic tobacco plants were re-transformed with 
this plasmid. These plants, as listed below, already harbored two to five of foreign “C4-cycle” 
enzymes, PCC, PCSD, ME, DK, PS and CK, in various combinations (see sections 4.4.2 and 
4.4.3).  
 
Plants to be re-transformed Genotypes 
 
J1 (F2)/5 cppc/StppcS9D-C4/Me2 
J1 (F2)/6 cppc/StppcS9D-C4/Me2 
J1 (F2)/10 cppc/StppcS9D-C4 
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J15 (F2)/7 cppc/pckA 
J2 ´ J15/1 F3 cppc/Me2/pckA 
J2 ´ J15/2 F3 cppc/Me2/pckA 
J6 ´ J10/20 F3 cppc/Me2/pckA 
J6 ´ J15/4 F3 cppc/pdk/pckA 
J6 ´ J15/6 F3 cppc/Me2/pdk/ppsA/pckA 
L6 (F3) cppc/Me2/pdk/pckA 
L7 (F3) cppc/Me2/pdk/ppsA/pckA 
 
Three independent transformations were performed using the optimized method (method II, 
see 3.3.4). 20 regenerants resulted from each transformation. PCR analysis was chosen for 
screening these regenerants, because foreign ME and/or DK had already existed in 9 of the 11 
plants used for re-transformations. In addition, no antiserum was available for Western blot 
analysis detecting ppt encoded phosphoenolpyruvate/phosphate (PT). 
PCR analysis was undertaken for 12 regenerants that were originated from plants J1 (F2)/5, J1 
(F2)/6, J2´J15/1F3 and J2´J15/2F3, respectively. Their genomic DNAs (3.1.2) were used as 
templates for PCR reactions (3.1.5). The oligonucleotides pS5  ´and pS3  ´(2.5) that are located 
proximally and distally to each gene, respectively, served as primers. Plasmid DNA of the 
construct pSPAMh-pdk-me-tpt served as positive control. The annealing step was “for 30 sec 
at 50°C”. Three DNA fragments 3.1 kb, 2.2 kb and 1.7 kb in size should be amplified from 
the genes pdk, Me2 and ppt, respectively, harbored in the genomic DNAs of pSPAMh-pdk-
me-tpt transformants as well as on the plasmid DNA. 
The PCR reaction mixtures were fractionated by gel electrophoresis. As expected the wild 
type did not show any specific amplification product. Nearly all the regenerants displayed 
three specific amplified DNA fragments with sizes corresponding to the positive control, 
except that the ppt amplification band was absent in lane 14 (Fig. 8). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 PCR analysis detecting the integration of triple genes Me2, pdk and ppt in genomes of 
transformed tobacco plants 
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15 µl PCR reaction mixture per plant was analyzed on a 1% agarose gel. The fragment sizes of DNA marker 
lPstI are given on the left. The arrows on the right indicate the size position of the specific amplification products. 
Lane 1: DNA size marker lPstI. Lane 2: PCR reaction mixture for the plasmid pSPAMh-pdk-me-tpt. Lanes 3-14: 
PCR reaction mixtures for regenerants J1/5/1, J1/6/1-6, J2´15/1/4, 5, 7, 13 and 14, and J2´J15/2/1, respectively. 
Lane 15: PCR reaction mixture for wild type. 
 
As listed above, the original plants used for the re-transformations already harbored foreign 
genes cppc, StppcS9D-C4, Me2 and/or pckA. pS5  ´ and pS3  ´ also serve as primers specific for 
amplifying these genes. Such amplifications from either cppc or StppcS9D-C4 should give rise 
to a product 3.2 kb in size. A comparable size of amplification product (3.1 kb) would be 
expected for a transformant if pdk had been integrated into its genome. In order to exclude the 
possibility that the upper two bands shown in Fig. 8 were not attributed to pdk and newly 
transformed Me2 but exclusively to cppc and/or StppcS9D-C4, and original Me2, respectively, 
another PCR analysis was performed for the same DNA samples using new primers. One 
primer (me3 )´ was homologous to a 3´ -terminal sequence of one DAN strand within Me2 
gene while another (ppdk1) was complementary to a 5 -´terminal sequence of this strand 
within pdk gene (see Materials 2.3 and 2.5). If pdk and Me2 carried on the plasmid pSPAMh-
pdk-me-tpt were simultaneously transferred to the genome of a transformant, it would be 
expected that the PCR gave rise to a 2.1-kb amplification product. The results showed that 
this product was obtained from the majority of the investigated plants with two exceptions, 
i.e. plants J2´15/1/7 and J2´15/2/1 (data not shown). Summing the above results of PCR 
analyses using different pairs of primers showed that all three “C4-cycle” genes carried on the 
plasmid pSPAMh-pdk-me-tpt had been integrated in the genomes of 10 of the 12 investigated 
regenerants. In the cases of other two plants, the gene(s) Me2 and/or pdk (for plant 
J2´J15/1/7) or all three genes (for plant J2´J15/2/1) had failed to be transferred to their 
genomes. 
 
 
To explore whether the expression of newly introduced genes resulted in biochemically active 
“C4-cycle” enzymes in transgenic plants, the activities of the transgenes encoded enzymes 
should be determined. As ME had been present in the original plants used for the re-
transformations (see above), and the determination of PT transport activity is expensive and 
time-consuming (Häusler, personal communication), it was most feasible, at the first stage, to 
measure the DK activity in the regenerants originated from plants without foreign DK. If 
some of these regenerants displayed any increase in DK activity, they could be further 
investigated for their PT transport activity. 
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Crude leaf extracts were isolated for 41 regenerants, including those already analyzed by 
PCR, and immediately used for DK activity measurements (3.4.6). Three tobacco plants (i.e. 
L5, L7 and J6´J15/22F3) that had been demonstrated to contain foreign DK served as positive 
controls. The results showed that the investigated plants had very low DK activities as did the 
wild type, being up to 1.6 mU/mg protein, whereas positive control plants exhibited much 
higher activities ranging between 5.0 and 17.3 mU/mg protein. These observations indicated 
that the expression of pdk might be ineffective in the re-transformed plants. 
 
At first sight, the ineffective expression of pdk in the plants re-transformed with pSPAMh-
pdk-me-tpt seemed to suggest an occurrence of gene silencing, caused by the sequence 
homology between the promoters (CaMV 35S or 35SS promoter) for respective genes. 
Homologous promoter sequences have been suggested to partly account for the co-
suppression (a gene silencing event) that was observed for some doubly transformed plants 
(Matzke et al., 1989). However, if such co-suppression indeed occurred in the pSPAMh-pdk-
me-tpt transformants, an inhibited expression should be observed not only for the genes 
carried on this plasmid, but also for other transgenes already existed in their originated plants, 
e.g. cppc and StppcS9D-C4, which were under the control of above promoter(s) as well. 
Nevertheless, determinations of the PC activity in 13 plants originated from J1 (F2)/6, a 
cppc/StppcS9D-C4/Me2 overexpressor, revealed that none of them had lower PC activities than 
the wild type. In contrast, some of them, like positive controls, even showed 2-fold increases 
in PC activity (data not shown). Therefore, it is unlikely that the ineffective expression of pdk 
was a consequence of co-suppression in tobacco pSPAMh-pdk-me-tpt transformants. The 
results rather suggested some other reasons for it (see Discussion). 
 
 
4.3 Detections of foreign genes and determinations of “C 4-cycle” enzyme activities and 
PT mRNA levels in transgenic tobacco plants 
 
Metabolic changes in tobacco plants regarding CO2 assimilation should basically depend on 
the catalytic efficiencies of the introduced “C4-cycle” enzymes. In order to explore whether 
the “C4-cycle” enzymes that had been immunologically detected in transgenic tobacco plants, 
i.e. PCC, ME, PS and CK (4.2.2.2), were biochemically active, the activities of these enzymes 
were investigated in the transformants (T0 plants) and their progenies (S1 plants) (4.3.2.1-
4.3.2.4). 
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To create the tobacco plants overexpressing all “C4-cycle” genes, the above-mentioned plants 
were to be crossed (see 4.4) with other plants harboring foreign pyruvate, orthophosphate 
dikinase (DK) and PT, respectively. In addition, some plants with modified potato 
phosphoenolpyruvate carboxylase (PCSD or PCSF) were also used for crossing (see 4.4). 
Before being used for crossing, these plants, supplied by other researchers (see Materials 2.4), 
were also investigated for the activities of their transgenes encoding “C4-cycle” enzymes (for 
PCSD, PCSF and DK overexpressors; 4.3.2.5-4.3.2.6), or for the levels of transgene encoding 
mRNA (for PT overexpressors; 4.3.2.7). 
 
In parallel to determining the activities of “C4-cycle” enzymes and levels of PT mRNA, the 
integration of their encoding genes in the genomes of transgenic plants were also examined by 
PCR analyses (4.3.1). 
 
 
4.3.1 Detection of foreign genes in genomes of transgenic tobacco plants by PCR 
analyses 
 
Genomic DNAs were isolated from investigated plants (3.1.2) and used as templates for PCR 
reactions (3.1.5). Wild type genomic DNA and/or blank mixtures omitting DNA templates 
were used as negative controls. 
For detecting ppt gene, the oligonucleotides ppt1 and ppt2 (2.5) served as primers. The 5´ -
primer (ppt1) is homologous to the gene sequence extending from 5 -´untranslated region to 
the 5 -´region of transit sequence. The 3 -´primer (ppt2) is complementary to a sequence coding 
for the N-terminal part of mature protein starting from 15 base pair downstream of the 
processing site. The annealing condition was “for 1 min at 58°C”. DNA of the plasmid 
pBinAR-W3 was used as positive control. A DNA fragment 294 bp in size should be 
amplified from genomic DNAs of ppt transgenic plants and from the plasmid DNA. 
For the detection of other foreign genes, the oligonucleotides pS5  ´ and pS3  ´ (2.5) that are 
located proximally and distally to each gene, respectively, were used as primers. The 
annealing condition was “for 30 sec at 50°C”. DNA of the plasmid pSPAMh-pdk-me-tpt 
and/or genomic DNAs of its transformants (see 4.2.3) were used as positive controls for the 
genes Me2 and pdk. The amplified DNA fragments for the genes cppc, StppcS9D-C4, Stppc-C4, 
Me2, pdk, ppsA and pckA should be 3.2 kb, 3.2 kb, 3.2 kb, 2.2 kb, 3.1 kb, 2.8 kb and 2.1 kb in 
size, respectively. For the plasmid pSPAMh-dk-me-tpt and the genomic DNAs of its 
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transformants, three amplified DNA fragments should be 3.1 kb, 2.2 kb and 1.7 kb in size, 
respectively (see 4.2.3). The PCR products were analyzed by agarose gel electrophoresis. 
Examples are shown in Fig. 9. 
 
As expected, positive controls, but not wild type and the blank, gave rise to specific amplified 
DNA fragments (Fig. 9). 
 
The investigated plants PCC100 /´4S1, ME59/5S1, PS535/5S1 and CK276/10S1 (Fig. 9A) 
were progenies (S1 plants) of the “C4-cycle” genes transformants (T0 plants) that had been 
demonstrated to contain higher amounts of these genes encoded proteins PCC, ME, PS and 
CK, respectively (4.2.2.2). The corresponding “C4-cycle” enzymes were also 
immunologically detected in these S1 plants (data not shown). Fig. 9A shows that the DNA 
fragments amplified from the genes cppc, Me, ppsA and pckA were obtained from the plants 
containing foreign enzymes PCC, ME, PS and CK, respectively. It should be noted that the 
signal for pckA amplification product could be identified on the original photo although it is 
faint in this figure. Additional evidence for the integration of pckA in the genome of 
transgenic plants is given in Fig. 18 (section 4.4.6.1). 
 
The examined plants PCSD10/4S1 and PCSF37/5S1 (Fig. 9B) were progenies of StppcS9D-C4 
and Stppc-C4 transformants PCSD10T0 and PCSF37T0 (see Materials 2.4), respectively. These 
transformants had shown increased PC activities (Rademacher, 2002). The investigated S1 
plants themselves also showed higher PC activities versus wild type (data not shown). Along 
with the PCSD and PCSF overexpressors, double PCC/ME or PCC/CK overexpressors were also 
analysed (Fig. 9B). Some of them were progenies of the double transformant PCC/ME 158 
(4.2.2.2). Others were obtained from respective crosses between PCC overexpressors and ME 
or CK overexpressors (4.4.1). These plants had been demonstrated to have the corresponding 
“C4-cycle” enzymes and increased enzyme activities (data not shown). Fig. 9B shows that 
both single PCSD and PCSF overexpressors and double PCC/ME and PCC/CK overexpressors 
gave rise to their corresponding amplification product(s). 
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Fig. 9 PCR analyses detecting individual foreign genes in genomes of transgenic tobacco 
plants 
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15 µl PCR reaction mixture per plant was analyzed on a 1% agarose gel. The fragment sizes of DNA marker 
lPstI are given on the left. The arrows on the right indicate the size positions of individual specific amplification 
products. 
(A) the detections of cppc, Me2, ppsA and pckA: Lanes 1 and 11: DNA size marker lPstI. Lane 2: PCR 
reaction mixture for the plasmid pSPAMh-pdk-me-pt. Lanes 3-4: PCR reaction mixtures for the pSPAMh-pdk-me-
pt transformants J1/5/1 and J1/6/1, respectively. Lanes 5-8: PCR reaction mixtures for plants PCC100/4’S1, 
ME59/5S1, PS535/5S1 and CK276/10S1, respectively. Lane 9: PCR reaction mixture for wild type. Lane 10: PCR 
reaction mixture for the blank. 
(B) the detection of StppcS9D-C4, Stppc-C4, and cppc/Me2 and cppc/pckA: Lanes 1 and 9: DNA size markers 
lPstI. Lanes 2-3: PCR reaction mixtures for double cppc/Me2 overexpressors PCC/ME158/4S1 and 
(PCC/ME158/4S1´PCC273/2S1)/2, respectively. Lanes 4-5: PCR reaction mixtures for double cppc/pckA 
overexpressors (PCC100’S1´CK609S1)/13 and (PCC273S1´CK276S1)/3, respectively. Lane 6: PCR reaction 
mixture for the plant PCSD10/1S1. Lane 7: PCR reaction mixture for the plant PCSF37/5S1. Lane 8: PCR reaction 
mixture for wild type. 
(C) the detection of pdk: Lanes 1 and 16: DNA size marker lPstI. Lanes 2-12: PCR reaction mixtures for 
DK18/13S1-DK18/17S1, and DK18/19S1-DK18/24S1, respectively. Lane 13: PCR reaction mixture for wild type; 
Lane 14: PCR reaction mixture for the blank; Lane 15: PCR reaction mixture for the plasmid pSPAMh-pdk-me-tpt. 
(D) the detection of ppt: Lane 1: PCR reaction mixture for the plasmid pBinAR-W3. Lanes 2-6: PCR reaction 
mixtures for the No. 1-5 progenies of the ppt transformant W3 9/8, respectively. Lanes 7 and 9-11: PCR reaction 
mixtures for the No. 1-4 progenies of the ppt transformant W3 16/4, respectively. Lane 8: DNA size marker lPstI; 
Lanes 12-14: PCR reaction mixtures for the No. 1-3 progenies of the ppt transformant W3 16/6. Lane 15: PCR 
reaction mixture for the blank. 
 
 
24 progenies (S1 plants) of pdk transformant DK18T0 (see Materials 2.4) were investigated. 
The plant DK18T0 showed increased DK activity in crude leaf extracts as compared with 
wild type (Rademacher, 2002). 88% of the investigated plants showed the specific 
amplification product (part of the results are given in Fig. 9C). The negative results for the 
remaining three plants are not shown in this figure. 
 
12 progenies (S2 plants) of PT overexpressors W3 9/8, W3 16/4 and W3 16/6 (S1 plants) (see 
Materials 2.4) were examined. All of them showed the specific amplification product (Fig. 
9D). 
 
These results suggested that individual “C4-cycle” genes had been successfully transferred to 
tobacco plants and were inherited to their progenies. 
 
 
4.3.2 Determinations of “C4-cycle” enzymes activities and evaluations  of ppt 
transcription levels in transgenic tobacco plants 
 
Cellular metabolic conditions (e.g. pH, etc.) can be different in various plant developmental 
stages, which cause changes in kinetic properties of enzymes (Leegood, 1997). Therefore, in 
order to diminish the interferences of largely different cellular conditions, the measurements 
of “C4-cycle” enzymes activities should be undertaken in the plants in identical 
developmental stages. In the present study, the enzyme activities were generally determined 
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in approx. 6-week old plants with one exception that DK activity was also determined in the 
cuttings (4.3.2.6). 
 
After transformations of tobacco with the pS expression constructs, a large number of 
regenerants were screened by Western blot analyses (4.2.2.2). In the meantime, only part of 
the primary transformants could have been investigated for the activities of foreign enzymes. 
Other plants that were already in their late developmental stages and not suitable for the 
measurements (see above) were allowed to self- fertilize and set seeds (S1 seeds). For the 
latter plants, the enzyme activities were determined in their progenies (S1 plants) (4.3.2.1-
4.3.2.4). 
 
In addition, PC activity was comparatively measured in the progenies of PCC, PCSD or PCSF 
transformants (4.3.2.5). 
 
As mentioned in section 4.3.1, DK overexpressor DK18T0 had been demonstrated having 
relative high DK activity in its crude leaf extract (Rademacher, 2002). In the present study, 
the localization of foreign DK in transgenic tobacco plants was investigated by measuring DK 
activities comparatively in chloroplast extracts and crude leaf extracts of its progenies 
(4.3.2.6). 
 
 
4.3.2.1 PC activity in cppc transformants and their progenies 
 
PC activity was first determined in 63 cppc transformants (PCC T0 plants). Crude leaf extracts 
were isolated (3.4.2.1) from their upper third leaves and used for the measurements (3.4.6). 
Wild-type tobacco, and two plants (plants 7T0 and 74T0) that were transformed and 
kanamycin-resistant but nonexpressing, were used as negative controls. Two to four 
independent measurements were performed for most plants. In order to assess the extents of 
increases in PC activity in individual transformants, the relative activities were calculated by 
dividing their specific PC activities by that for wild type. The results showed that these cppc 
transformants had relative PC activities between 1.3 and 3.6, most of which were below 3 
(part of the data are shown in Tab. 5). Generally, the transformants that had higher amounts of 
PCC protein (4.2.2.2) also showed higher PC activities. However, there were some overlaps of 
PC activities between different groups of plants that had different levels of PCC protein 
amounts (data not shown). This might be due to the fact that for most of cppc transformants 
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the amounts of PCC protein, as judged from signal intensities, were estimated instead of 
instrumentally determined. Fourteen plants, which had higher PCC protein amounts (4.2.2.2), 
displayed 2.1- to 3.9-fold higher PC activities versus wild type. 
In order to compare the PC activities in both cppc transformants and their progenies, the PC 
activity was also measured in the progenies (S1 plants) of above-mentioned 14 PCC T0 plants. 
S1 seeds from these T0 plants were surface-sterilized (3.3.2) and germinated on selection 
plates containing MS medium and 100 µg/ml kanamycin. 74% of the seedlings (S1 plants) 
survived the selection. 65 of the kanamycin-resistant S1 plants were transplanted on soil and 
were applied for PC activity measurements. Wild-type plants germinated on MS plants 
without kanamycin served as negative controls. In order to shorten the germination time, 
some seeds were also directly germinated on soil without selection. 57 of the resulting plants 
were investigated as well. 
The determination results showed that these kanamycin-resistant S1 plants had various PC 
activities. The highest value, 3.2-fold versus wild type, was at the same level as that for T0 
plants (see above). The lowest value was even below that for wild type. Such variations 
occurred even among the progenies from a given T0 plant. Totally, about 69% of kanamycin-
resistant S1 plants showed PC activities above that for negative controls. As expected, this 
portion was reduced (to 32%) among S1 plants from seed-germination on soil. The levels of 
highest PC activities were similar for S1 plants from both ways of seed-germination. Six S1 
plants originated from different T0 plants exhibited the highest PC activities (2.0- to 3.2-fold 
versus wild type) (Tab. 5). Western blot ana lysis revealed that they also accumulated more 
PCC protein than other plants (data not shown). These plants were chosen for further study 
(crossing). 
 
Tab. 5 PC activities in leaf extracts of wild type as well as PCC overexpressors (T0 and S1 
plants) 
 
T0 plant Specific PC activity 
a 
(mU/mg protein) 
Relative PC 
activity b S1 plant 
Specific PC activity a 
(mU/mg protein) 
Relative PC 
activity b 
Wild type 16.42 ± 4.26 1.0 Wild type 18.56 ± 5.84 1.0 
PCC 120 T0 40.34 ± 2.78 2.5 PCC 120/5 S1 37.37 ± 3.52 2.0 
PCC 194 T0 59.76 ± 0.62 3.6 PCC 194/9 S1 48.71 ± 8.91 2.6 
PCC 273 T0 42.04 ± 6.28 2.6 PCC 273/2 S1 55.21 ± 19.10 3.0 
PCC 100 T0 49.58 ± 6.12 3.0 PCC 100 /´4 S1 59.85 ± 18.35 3.2 
PCC 197 T0 45.70 ± 2.06 2.8 PCC 197 /´4 S1 46.11 ± 9.28 2.5 
PCC 200 T0 43.26 ± 3.42 2.6 PCC 200 /´10 S1 43.20 ± 11.07 2.3 
 
a The data for specific PC activity represent the mean ± SD of two to four independent measurements. 
b Relative PC activities for PCC overexpressors are calculated by dividing their specific PC activities by that for 
wild type. 
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4.3.2.2 ME activity in both crude leaf extracts and chloroplast extracts of the progenies 
of Me2 transformants 
 
The ME activity was determined in the progenies of six Me2 transformants (ME T0 plants) 
and a double PCC/ME transformant (PCC/ME T0 plant) that accumulated more ME protein 
(4.2.2.2). S1 seeds from these T0 plants were germinated on selection plates as described in 
section 4.3.2.1. 90% of the seedlings (S1 plants) survived the selection. 
 
Firstly, the crude leaf extracts of 43 kanamycin-resistant S1 plants were applied for the 
determination (3.4.6). Compared with wild type, 95% of investigated plants showed increased 
ME activities to varying degrees. Five ME S1 plants exhibited the largest increases, 3.9- to 
6.2-fold versus wild type. As high as 3.9-fold increased ME activity was also obtained from 
one progeny of the double PCC/ME transformant (Tab. 6). 
 
As stated in section 4.2.2, foreign ME was expected to be targeted into chloroplasts of 
transgenic plants. The results of Western blot analysis had raised the possibility of successful 
targeting of foreign ME to the chloroplast (4.2.2.2). In order to provide more evidence 
supporting this view, ME activity was then determined in chloroplast extracts of the above-
mentioned five ME S1 plants with higher total ME activities. Soluble proteins extracted from 
isolated chloroplasts (3.4.2.2) were used for the measurements. For wild type, specific ME 
activity was decreased by 74% from 12.58 mU/mg in its crude leaf extract to 3.30 mU/mg in 
its chloroplast extract. For ME overexpressors, however, the ME activities were considerably 
higher in chloroplast extracts than in crude leaf extracts. For examples, specific ME activity 
for the plant ME59S1 was increased by 2.8-fold from 50.84 mU/mg in crude leaf extract to 
143.98 mU/mg in chloroplast extract (Tab. 6). These results confirmed the chloroplastic 
localization of foreign ME in the chloroplasts of Me2 overexpressors. It is likely that tobacco 
endogenous ME activity is mostly located in the cytosol. 
 
 
Western blot analysis of the plants listed in Tab. 6 indicated that they also had higher protein 
amounts of foreign ME. In addition, the plant PCC/ME158S1 showed a moderate increase in 
PC activity (1.3-fold) (data not shown). These plants were chosen for further study (crossing). 
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Tab. 6 ME activities in crude leaf extracts and chloroplast extracts of wild type as well as ME 
overexpressors (S1 plants) 
 
ME activity in crude leaf extracts ME activity in chloroplast extracts 
Plant 
Specific activity a 
(mU/mg protein) 
Relative activity b Specific activity 
(mU/mg protein) 
Relative activity b 
Wild type 12.58 ± 6.61 1.0 3.30 ± 3.25 1.0 
ME 59/1 S1 77.77 ± 23.89 6.2 97.18 29.4 
ME 59/3 S1 66.36 ± 19.42 5.3 98.08 29.7 
ME 59 S1 50.84 ± 11.00 4.0 143.98 ± 13.14 52.6 
ME 80/1 S1 51.13 ± 9.56 4.1 48.55 14.7 
ME 80 S1 48.70 ± 8.10 3.9 103,78 ± 12.06 31.5 
PCC/ME 158 S1 48.43 ± 10.75 3.9 143.75 ± 51.11 43.6 
 
a The data for specific ME activity represent the mean ± SD of two to three independent measurements. 
b The calculations of relative ME activities are similar to that for relative PC activities (Tab. 5). 
 
 
4.3.2.3 PS activity in crude leaf extracts and in purified chloroplast extracts of ppsA 
transformants and their progenies 
 
Attempts were made to measure the PS activity in crude leaf extracts of ppsA transformants 
(PS T0 plants) by means of method I described in section 3.4.6. However, it failed to detect 
PS activity in any of the examined plants. This might have resulted from an inactivation of PS 
caused by some substances in tobacco crude leaf extracts. 
To confirm the above assumption, a set of experiments were performed, whereby the partially 
purified E. coli PS protein (150 µg) was incubated in crude leaf extracts of wild-type tobacco 
for 1, 20 and 60 min, respectively. As controls, E. coli PS protein was incubated for 1 min 
either in pre-heated crude leaf extracts (180 µg of total proteins) or in fractionated chloroplast 
extracts (180 µg of total proteins) of wild type. After centrifugation of the incubation mixtures 
(13000 rpm (Biofuge A), RT, 3 min), the supernatants were used for PS activity 
measurements. 
 
To measure PS activities, a new method, method II (3.4.6), was established and employed in 
comparison to method I. In method II, the reaction catalysed by PS is successively coupled 
with two other reactions catalysed by PC and malate dehydrogenase (MDH), respectively. 
Here the formation of PEP via PS can continuously be followed with the spectrophotometer. 
It is simpler and has advantages especially for the measurements of a large number of 
samples. In this method, the reaction mixtures omitting either ATP (- ATP) or pyruvate (-  
pyruvate) were used as blank controls. The measurement results are outlined in Tab. 7. 
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Tab. 7 Effects of leaf extracts of wild-type tobacco on enzyme activity of PS from E. coli cell-
free extract 
 
PS activity was measured in partially purified cell-free extract of E. coli before and after its incubation with 
individually prepared leaf extracts of wild type. Method I and method II (3.4.11) were employed for measurements. 
150 µg and 180 µg of total proteins were contained in E. coli extracts and in individual leaf extracts, respectively.  
 
Specific PS activities in partially purified E. coli extract 
with or without pre-treatment (mU/mg protein) a Pre-treatment of partially purified E. coli extracts 
prior to measurements of PS activities 
Method I Method II (± ATP) b 
Method II 
(± pyruvate) c 
Without pre-treatments  76.12 ± 19.91  71.22 ± 10.46  42.45 ± 7.35  
1 min - - 9.59 
20 min - 0.82 ± 1.02  4.29 
Incubation with crude leaf extract 
of wild type for different 
durations  60 min - - 3.67 
1 min incubation with heated (for 5 min in boiled 
water) crude leaf extract of wild type 
- 36.33 - 
1 min incubation with fractionated (ammonium 
sulfate 40%-55% saturation) chloroplast extracts of 
wild type 
35.92 31.22 ± 2.04  34.08 
 
a Where indicated the data for PS activity represent the mean ± SD of two to three independent measurements. 
b and c Method II (± ATP) and Method II (± pyruvate) repres ent two variants of the method II, whereby ATP and 
pyruvate was omitted from the control reaction mixtures, respectively. 
 
By means of method I and method II (± ATP), quite similar specific PS activities were 
obtained from individual samples (Tab. 7). This suggests that the method II is feasible for 
measuring the PS activity. 
When method II (± pyruvate) was employed, the PS activity was decreased for the samples 
without pre-treatments (Tab. 7). The reason for it remains to be illuminated. Incubation of E. 
coli PS extract in crude leaf extracts of wild-type tobacco resulted in a significant decline in 
PS activity, the extent of which was increased with prolonging duration of incubation. When 
the incubation had lasted 1, 20 and 60 min, specific PS activity was decreased by 77%, 90% 
and 91%, respectively, when measured by method II (± pyruvate). Interestingly, far more 
rapid decline in PS activity was observed when the method II (±  ATP) was employed. This 
was probably due to the presence of a large amount of ATP in crude leaf extracts, because 
rapid consumption of NADH was also observed for the control reaction mixture, from which 
ATP was omitted (Tab. 7). These results indicate that PS was at least partially inactivated by 
some substances, which might be e.g. proteases, in leaf extracts of wild-type tobacco. Such 
influences could be markedly reduced by extracts heating, whereby the proteases could have 
been inactivated. After this treatment, the PS activity was decreased only by 49%. Incubation 
of PS in partially purified chloroplast extracts of wild-type tobacco gave rise to similar 
results. Moreover, in the latter case identical PS activities were obtained by means of all 
determination methods, which suggested that the interfering substances might be fewer in this 
extract than in crude leaf extracts (Tab. 7). 
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In addition, PS activity measurements were also performed using chloroplast extracts 
(3.4.2.2) and their ammonium-sulfate fractions (3.4.2.3), but resulting in very low activity 
values (up to 3.9 and 6.2 mU/mg protein) for transgenic plants. 
Taken together, due to some unknown interfering factors it is difficult to measure the PS 
activity in crude leaf extracts of tobacco ppsA transformants by any of the above-described 
methods. It seemed necessary to purify the chloroplast extracts to high degrees prior to the 
measurements. 
 
Further studies were performed using some progenies (S1 plants) of PS T0 plants. Larger 
accumulation of foreign PS protein had been found in these plants (data not shown). The 
fractionated chloroplast extracts were treated by anion-exchange chromatography (3.4.2.3) 
combined with a second ammonium sulfate fractionation (60% saturation). One example, 
outlined in Tab. 8, showed that after the overall purification processes, PS activity was 
increased by 11.6-fold from 2.3 mU/mg protein in crude leaf extracts to 26.68 mU/mg 
protein. In contrast, no increase in PS activity was observed for the equally treated protein 
extracts of wild-type plants (data not shown).  
 
Tab. 8 Extraction and purification of PS protein from leaves of a PS overexpressor (S1 plant) 
 
The plant PS548/1S1 was placed in the dark for 15 h and then illuminated for 1 h before use. Chloroplasts were 
isolated from 48g leaves of the plant and purified. PS activity was measured in crude leaf extracts and individually 
purified chloroplast extracts. Part of the 0.4 M KCl eluate was also used for the radioactive assay (see Tab. 9). 
 
Step Extraction and purification 
Protein 
content 
(mg) 
Specific PS 
activity 
(mU/mg 
protein) 
Total PS 
activity 
(mU) 
Yield 
(%) Purification 
1 Crude leaf extract - 2.3 - - - 
2 Chloroplast extract 58.1 2.8 162.7 100 1.2 
3 First ammonium sulfate fractionation (40 to 55% saturation) 13.2 6.2 81.8 50.3 2.7 
4 and 5 
DEAE-cellulose chromatography (0.4 M 
KCL eluate) and second ammonium 
sulfate fractionation (60% saturation) 
0.38 26.68 10.14 6.2 11.6 
 
Moreover, a radioactive assay (method III; see section 3.4.6) was employed in order to obtain 
direct evidence for PS-catalyzed formation of PEP (Tab. 9). As expected, both purified PS in 
the extract of transformed tobacco plant PS548/1S1 and the partially purified E. coli PS 
protein efficiently catalyzed the conversion of pyruvate to PEP. PEP was barely formed in the 
reaction mixture for wild type. 
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Tab. 9 Conversion of [1-14C]pyruvate to PEP via PS in purified chloroplast extracts of PS 
overexpressor 
 
20 µl of individual reaction mixtures were prepared as described for method III in section 3.4.11. The reaction was 
started by addition of purified enzyme extracts (0.4 M KCl eluate fraction, see Tab. 12). After 30 min incubation at 
30 °C, 3 µl samples were withdrawn and separated on a Kieselguhr (Merck) TLC-aluminium sheet. The 
percentages of detected labeled PEP as well as pyruvate per lane are indicated (n = no peak). 
 
Label in peaks (%) 
Origin of protein (PS) fraction 
Amount of 
total soluble proteins  
(µg) 
PEP 
(Rf » 0.09)a 
Pyruvate 
(Rf » 0.81) 
No PS protein 0 n 98.9 
Wild type 66.0 2.4 96.0 
50.0 98.4 n 
25.0 98.6 n 
12.5 95.7 2.9 
 
Tobacco plant PS 548/1 S1 
6.3 70.9 27.6 
Partially purified E.coli extract 9.2  ´10-3 U 98.4 n 
 
a Rf represents the migration rate. 
 
Four S1 plants with highest PS activities are given in Tab. 10. Comparable values were 
obtained from the determinations with both methods I and II, which was consistent with the 
above results (Tab. 7). Measurements using method III gave rise to much higher specific PS 
activity than employing method II, suggesting higher sensitivity of method III. Since PS does 
not exist in plants, the detected value for wild type should be attributed to nonspecific 
activity, and therefore no relative PS activities could be given for PS overexpressors. 
 
Tab. 10 PS activities in purified chloroplast extracts of PS overexpressors (S1 plants) 
 
Soluble proteins were isolated from chloroplasts and were successively fractionated with ammonium sulfate 
between 40% to 55% saturation and by DEAE-cellulose chromatography. The obtained 0.4 M KCl fraction was 
further fractionated with ammonium sulfate to 60% saturation. PS activity was determined in the resulted fraction 
by means of the method I, II and/or III, respectively (3.4.11). 
 
Specific PS activities in 0.4 M KCl fraction (mU/mg protein) 
Plant 
Method I Method II Method III 
Wild type 0 1.52 0.37 
PS 535/5 S1 - 17.36 - 
PS 548/1 S1 - 26.68 113.49 
PS 548/6 S1 15.00 19.37 - 
PS 576/1 S1 24.05 24.60 - 
 
These plants also showed higher amounts of PS proteins in Western blot analysis (data not 
shown). They were chosen for further study (crossing). 
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4.3.2.4 CK activity in crude leaf extracts and chloroplast extracts of the progenies of 
pckA transformants 
 
The progenies of six pckA transformants (CK T0 plants) that had higher CK protein amounts 
(4.2.2.2) were used for the investigations on the CK activity. S1 seeds from these T0 plants 
were germinated on the selection plates as described in section 4.3.2.1. 85% of the seedlings 
(S1 plants) survived the selection. CK activity was first determined in crude leaf extracts of 
39 S1 plants employing the method I described in section 3.4.6. Western blot analysis 
revealed that foreign CK was localized in the chloroplasts of transgenic plants (4.2.2.2). 
Therefore, the stromal CK activity was also determined for transgenic plants. The 
measurement results are outlined in Tab. 11. 
 
Tab. 11 CK activities in crude leaf extracts as well as chloroplasts extracts of CK 
overexpressors (S1 plants) 
 
CK activity in crude leaf extracts 
Plant 
Specific activity (mU/mg protein) a Relative activity b 
Specific CK activity  
(mU/mg protein) a 
in chloroplasts extracts 
Wild type 5.95 ± 1.84  1.0 0.20 ± 0.28  
CK 225/4 S1 16.65± 3.58  2.8 4.43 
CK 225/5 S1 14.83 ± 2.62  2.5 3.63 
CK 276/2 S1 15.13 ± 0.54  2.5 4.50 
CK 276/7 S1 19.73 3.3 4.82 
CK 276/10 S1 30.89 5.2 6.97 ± 1.97  
CK 283/5 S1 23.55 4.0 1.61 
CK 440/1 S1 20.17 3.0 4.00 
CK 609/1 S1 28.20 4.7 2.80 
CK 609/2 S1 33.80 5.7 9.14 
CK 609/4 S1 - - 8.00 
 
a Where indicated the data for specific CK activity represent the mean ± SD of two to three independent 
measurements. 
b The calculations of relative CK activities are similar to that for relative PC activities (Tab. 5). 
 
Wild-type tobacco had a CK activity of 5.95 and 0.2 mU/mg protein in its crude leaf extract, 
and chloroplast extract, respectively (Tab. 11). These results suggest that tobacco might 
contain endogenous CK in the cytosol, as some other C3 plants e.g. cucumber (see 
Introduction 1.4). 
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82% of kanamycin-resistant CK S1 plants exhibited increased CK activities in their crude leaf 
extracts versus wild type. Nine of them had the highest CK activities (2.5- to 5.7-fold). In 
contrast to wild type, appreciable CK activities were also detected in chloroplast extracts of 
transgenic tobacco plants (Tab. 11). These results confirmed the chloroplastic localization of 
foreign CK. The stromal specific CK activities were, however, lower than that in crude leaf 
extracts (Tab. 11). Normally, a chloroplast- locating enzyme should display higher specific 
activity in the chloroplast extracts than in crude leaf extracts, because partial purification of 
the enzyme extract is achieved by chloroplast isolation. The present observation might be 
explained by the large difference in the activity level between stromal CK and cytosolic CK. 
The cytosolic activity might be attributable to endogenous CK and/or unprocessed foreign 
transit peptide-CK fusion proteins. When much higher CK activity occurred in the cytosol, 
the stromal specific CK activity could not exceed it even after partial purification of 
chloroplastic CK protein by isolating chloroplasts. 
Four CK S1 plants, CK276/7S1, CK276/10S1, CK609/2S1 and CK609/4S1, which showed 
highest stromal CK activities as well as foreign CK protein amounts (data not shown), were 
chosen for further study (crossing). 
 
The chloroplastic localization of foreign CK in the plant CK276/10S1 was further confirmed 
by immunocytochemical analysis (Prof. Dr. Sigrun Hippe-Sanwald, Universität zu Kiel, 
Germany, personal communication). 
 
 
4.3.2.5 PC activity in the progenies of StppcS9D-C4 or Stppc-C4 transformants 
 
In order to explore whether the simultaneous functions of different foreign PC enzymes could 
cause an effect other than that by only one of them, tobacco PCSD or PCSF overexpressors 
were to be crossed with plants containing PCC (see 4.4). To determine whether the catalytic 
efficiencies of individual PC enzymes differ from each other in transgenic tobacco plants, the 
PC activity was comparatively determined in single PCSD, PCSF and PCC overexpressors. 
 
The plants used for these measurements included 15 and 10 progenies (S1 plants) of 
PCSD10T0 and PCSF37T0 (see Materials 2.4), respectively, and three PCC S1 plants 
(PCC120/5S1, PCC197 /´4S1 and PCC273/2S1) that showed 2.0- to 3.0-fold increased PC 
activities in previous study (see Tab. 5). 
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The results showed that relative to the value for wild type (32.09 mU/mg protein), the PCC S1 
plants had 2.2- to 3.2-fold increased PC activities, which were similar to earlier results (see 
above). PCSF S1 plants had comparable increases (up to 3.7-fold). Much higher PC activities 
were obtained from the PCSD S1 plants (up to 5.5-fold) (data not shown). 
 
 
4.3.2.6 DK activity in the progenies of pdk transformants 
 
As mentioned before, the pdk transformant DK18T0 had increased DK activity in its crude 
leaf extract as compared with wild type (Rademacher, 2002). As the polypeptide encoded by 
this pdk gene is composed of a mature DK protein (877 amino acids) and a native transit 
peptide (76 amino acids) (Rosche and Westhoff, 1990), the foreign DK should be targeted to 
the chloroplasts of transgenic tobacco plants. Since foreign DK protein could not be detected 
immunologically due to unavailability of anti-DK-serum, its subcellular localization was 
investigated indirectly by comparative measurements of the DK activity in chloroplast 
extracts and crude leaf extracts. 
 
24 progenies (S1 plants) of self- fertilized DK18T0 were used for the DK activity 
measurements (3.4.6). These plants were also examined for the integration of pdk gene in 
their genomes by PCR analysis (4.3.1). 
The DK activity was first measured in crude leaf extracts of all these plants. Measurements 
for wild type gave rise to very low DK activity (0.1 mU/mg protein). As expected, three 
plants lacking pdk gene (see 4.3.1) showed negligible DK activities as well. Other plants that 
harbored pdk gene exhibited widely varying DK activities, which ranged between 0.2-13.8 
mU/mg protein. (bars A in Fig. 10). This large variation might be due to the occurrence of 
reversible phosphorylation of foreign DK protein in transgenic plants. Such covalent 
modification that causes activation/inactivation of DK is affected by intracellular 
physiological conditions (Leegood, 1997). The latter might be varying in different pdk 
transformants. For those plants with the lowest DK activities, gene silencing in pdk 
homozygotes might be an additional exp lanation. 
 
Eight plants with highest to moderate DK activities in their crude leaf extracts were further 
investigated. For comparisons two plants with low DK activities were used as well. At that 
time, these plants were already in their late developmental stages and not suitable for the 
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measurements (see above). Thus, top cuttings were prepared from them, and used for DK 
activity measurements in both crude leaf extracts and chloroplast extracts. 
The DK activity remained unchanged in crude leaf extract of the wild-type cuttings. 
Unexpected, as compared with their original plants, most of other cuttings exhibited 44% to 
91% lowered DK activities in their crude leaf extracts, with three exceptions i.e. plants 
DK18/1S1, DK18/18S1 and DK18/23S1 (bars B in Fig. 10). It might be possible that by 
cutting the in vivo physiological conditions were largely changed, and in turn caused the 
inactivation of DK protein. In fact, the cuttings showed an abnormal phenotype, e.g. 
yellowish, thicker and more linear leaves. 
In chloroplast extract of wild type the DK activity was still at very low level. For most of 
other cuttings the levels of DK activity in their chloroplast extracts were comparable to that in 
their crude leaf extracts (bars C in Fig. 10). For similar reasons as described in section 4.3.2.4, 
when the DK activity was comparatively negligible in the cytosol, the activity of chloroplast-
locating DK protein should be higher in the chloroplast extracts than in crude leaf extracts. 
Therefore, the above observations might suggest that there were high cytosolic DK activities 
in the investigated plants. Since endogenous DK activities were very low (see above), it 
seemed likely that the cytosolic DK activities were attributable to foreign DK. It might be 
possible that only part of foreign DK had been transported into chloroplasts of tobacco pdk 
overexpressors, while the remaining part stayed in the cytosol. 
 
 
 
Fig. 10 DK activities in crude leaf extracts and chloroplast extracts of wild type as well as the 
progenies of tobacco pdk transformants 
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DK activity was determined in crude leaf extracts of young tobacco plants (A), and in crude leaf extracts of top 
cuttings of some plant (B), as well as in chloroplast extracts of these cuttings (C). DK18/1S1-DK18/24S1 
represent 24 progenies of the pdk  transformant DK18T0. Two or three independent measurements were 
performed and their mean ± SD are shown in the figure. 
 
 
4.3.2.7 Evaluation of the ppt transcription in the progenies of transgenic tobacco plants 
 
The ppt cDNA originated from non-green plastids of Brassica oleracea var. botrytis codes for 
a mature PT (321 amino acids) and a native transit peptide (81 amino acids) (Fischer et al., 
1994). The mature protein was previously defined as triose phosphate/phosphate translocator 
(TPT), but later classified into PTs (Fischer et al., 1997). The PT overexpressors were to be 
crossed with plants containing other foreign “C4-cycle” enzymes (see 4.4). Since only seeds 
from three ppt overexpressors (S1 plants) were available for the present study (see 4.3.1), new 
plants (S2 plants) were grown by seed-germination. To screen the resulting plants, PCR 
analysis had been performed, showing that the ppt gene was integrated in the genomes of all 
the examined plants (4.3.1). As the measurement of PT transport activity not suitable for plant 
screening because of its high cost and time-consumption (Rainer Häusler, personal 
communication), further investigations of these plants were concentrated on determining their 
ppt expression levels. The mRNA transcript of ppt gene was qualitatively (4.3.2.7.2) and 
quantitatively (4.3.2.7.3) analysed in 10 PT S2 plants. 
 
 
4.3.2.7.1 Isolation of leaf total RNA from ppt transgenic plants 
 
Purity and integrity of RNA preparations are most important in assuring success of further 
analyses. Total RNA was isolated from leaves following the method described in section 
3.1.7.1. Determinations of concentrations and purities of RNA preparations (3.1.9.1) showed 
90-98% purities for all samples. The purity was also examined by agarose gel electrophoresis. 
Part of the results is shown in Fig. 11. Leaf total RNA from maize grown in the dark, used as 
a positive control, was kindly supplied by Christoph Peterhänsel (in Institut für Biologie I, 
RWTH Aachen, Germany).  
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Fig. 11 Examination of purity of leaf total RNA isolated from tobacco ppt overexpressors as 
well as wild type 
 
1 µg of leaf total RNA per line was separated on 2% agarose gel. Lane 1: leaf total RNA from etiolated maize 
plant. Lanes 2-3: leaf total RNA from the No. 9 progeny of ppt transformant W16/4. Lanes 4-5: leaf total RNA from 
the No. 10 progeny of ppt transformants W16/4. Lane 6: leaf total RNA from wild type. 
 
Gel electrophoresis analysis revealed that the RNA preparations were free of DNA 
contamination and were not degraded (Fig. 11). They were therefore used for further study 
(RT-PCR reaction and Northern blot analysis). 
 
 
4.3.2.7.2 Qualitative analysis of mRNA transcript of ppt gene by RT-PCR analysis 
 
RT-PCR analysis is advantageous for the detection of mRNA transcripts since it combines 
two techniques that successively serve to convert mRNA transcripts into cDNA and amplify 
the resulting cDNA. 
 
Two sets of experiments were performed employing one step RT-PCR reaction method 
(3.1.9.5). The reverse transcription primer RT1 was so designed that it was complementary to 
the sequence of ppt mRNA (GenBank: U13632) starting from 66 bp downstream of the PCR 
3 -´primer (ppt 2). In one set of experiments, the reverse transcriptase was added in all reaction 
mixtures (part of the results see Fig. 12A). In a second set of experiments, two different 
reactions mixtures per RNA preparation were used for the analysis. The reverse transcriptase 
was contained in one but omitted in the other one of the mixtures (part of the results see Fig. 
12B). 
               28 S rRNA - 
               18 S rRNA - 
  mitochondrial RNA - 
  mitochondrial RNA - 
                 5 S rRNA - 
- Chloroplastic RNA  
- Chloroplastic RNA  
- Chloroplastic RNA  
- Chloroplastic RNA  
  1          2          3         4         5         6 
Sample-loading slot 
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Fig. 12 RT-PCR analysis detecting the transcript of ppt gene in tobacco PT overexpressors 
 
15 µl RT-PCR reaction mixture per plant was analyzed on 2% agarose gels, without (A) or with (B) the controls in 
which reverse transcriptase was omitted. The fragment sizes of DNA marker lPstI are given on the left. The 
arrows on the right indicate the size position of specific amplification product for ppt gene. 
A. Lane 1: 1 µg DNA size marker lPstI. Lanes 2-4 and 7: PCR reaction mixtures for the No. 9, 10, 12 and 8 
progenies of ppt transformant W3 16/4, respectively. Lane 5: 1 µg DNA ladder mix (Fermentas, GeneRulerTM, 
#SM0331). Lane 6: PCR reaction mixture for the No. 3 progeny of ppt transformant W3 9/8. Lane 8: PCR reaction 
mixture for wild type. 
B. Lane 1: 1 µg DNA size marker lPstI. Lane 2: PCR reaction mixture omitting reverse transcriptase for the No. 9 
progeny of ppt transformant W3 16/4. Lane 3: Similar to that on lane 2 except containing reverse transcriptase; 
Lane 4: 1 µg DNA ladder mix (Fermentas, GeneRulerTM, #SM0331). Lane 5: PCR reaction mixture omitting 
reverse transcriptase for the No.10 progeny of ppt transformant W3 16/4. Lane 6: Similar to that on lane 5 except 
containing reverse transcriptase. 
 
As expected, no transcript was detected in wild type. The specific RT-PCR amplification 
product 294 bp in size was observed for all the investigated plants (Fig. 12A). These results 
indicate that ppt gene was effectively transcribed in transgenic plants. Moreover, specific 
amplification product was only observed for those reaction mixtures that contained reverse 
transcriptase (Fig. 12B). This excludes the possibility that any contaminated DNA contributed 
to the amplification product. 
 
 
4.3.2.7.3 Quantitative assessment of mRNA transcript of the ppt gene by Northern blot 
analysis 
 
In order to assess expression levels of the ppt gene in the investigated plants, total RNA 
preparations were analyzed by formaldehyde agarose gel electrophoresis (3.1.7.2) and 
Northern blot analysis (3.1.7.3). 
11.50 kb - 
  1.70 kb - 
  1.16 kb - 
  0.81 kb - 
  0.51 kb - 
  0.34 kb - 
  0.26 kb - 
 
ppt 
      1      2     3     4      5      6      7      8 
A 
11.50 kb - 
  1.16 kb - 
  0.81 kb - 
  0.51 kb - 
  0.34 kb - 
  0.26 kb - ppt 
    1      2      3      4      5      6 
B 
 108  
10 µg leaf total RNA preparations (4.3.2.1) were loaded on 1.5% (w/v) denaturing agarose gel 
and separated by electrophoresis. 10 µg and 20 µg RNA preparations from wild type served 
as negative controls. After electrophoresis, RNAs were transferred and fixed to a nylon 
membrane. The results of electrophoresis and capillary transfer were checked by membrane-
stain. The subsequent hybridization of this membrane with radioactively labeled cauliflower 
PPT3 cDNA probe as well as autoradiographic detection of the abundance of specific signal 
were generously carried out by Rainer Häusler (Botanisches Institut der Universität zu Köln, 
Köln, Germany). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Northern blot analysis determining the transcript levels of ppt gene in tobacco PT 
overexpressors 
 
(A) 10 µg of leaf total RNA per plant was separated on 1.5% formaldehyde agarose gel. 10 µg and 20 µg leaf total 
RNA from wild type served as negative controls. (B) Patterns of PT mRNA for the plants corresponding to that in 
Panel A. They were obtained after hybridization and autoradiography.  
Lanes 1-3 and 5-8: leaf total RNA from the No. 9 (PT9S2), 10 (PT10S2), 12 (PT12S2), 8, 11, 13 (PT13S2) and 15 
progenies of ppt transformant W3 16/4, respectively. Lanes 4 and 9-10: leaf total RNA from the No. 3, 1 and 2 
progenies of ppt transformant W3 9/8, respectively. Lane 11: empy space. Lane 12 and 13: 10 and 20 µg leaf 
total RNA from wild type, respectively.  
 
The staining of RNA pattern on the nylon membrane (Fig. 13A) showed that equal amounts 
of total RNA isolated from individual plants were used for the analysis except the plant in 
lane 9. As expected, an approx. double amount of total RNA was observed for the sample 
containing 20 µg RNA of wild type (in lane 13). 
 
The results of hybridization and autoradiography (Fig. 13B) showed that the abundances of 
PT specific signal varied among the investigated plants. The signals for plants PT9S2 and 
PT10S2 (lanes 1 and 2) were 6-7 times more abundant than that for the wild type. The plant 
   1    2    3    4    5    6    7    8    9   10  11  12  13 
A 
B 
   1    2    3    4    5    6    7    8    9   10  11  12  13 
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W3 9/8/2 (lane 10) exhibited a signal abundance comparable to that for the wild type (lane 
12). The plants in lanes 3-8 including PT13S2 (lane 6) had 3-4-fold higher signal abundances 
versus the wild type. For the wild type a faint signal might resulted from cross-hybridization 
of the cauliflower cDNA probe with the mRNA of endogenous PT. Comparisons of the amino 
acid sequences (Fischer et al., 1997) showed that the similarities between the precursor 
proteins of PT from cauliflower and that of two PTs from wild-type tobacco (GenBank 
U66401 and U66402) were 65% and 67%, respectively. The double signal observed for all the 
ppt overexpressors might be attributed to two distinct polyadenylation sites on the PT mRNA 
transcribed from the ppt gene construct. Similar results have been observed for tobacco plants 
overexpressing FtTPT (Häusler et al., 2000). 
 
Three progenies of the ppt transformant PT9S1 and PT10S1, and PT13S1, which transcribed 
the ppt gene at highest and middle levels, respectively, were chosen for further studies 
(crossing). 
 
 
4.4 Establishment of C4-like CO2 assimilation pathway(s) in tobacco by crossing 
individual “C 4-cycle” gene overexpressors  
 
C4-like CO2 assimilation pathway(s), either of NADP-ME-type, PCK-type, or of both types in 
combination (Fig. 1), were to be established in tobacco plants. Since simultaneous 
introduction of two “C4-cycle” genes previously by co-transformation (4.2.2) and later by 
triple-genes construct transformations (4.2.3) were demonstrated to be ineffective, the only 
possible way to achieve this goal was to stepwise cross the plants that singly overexpressed 
different “C4-cycle” genes. As it is time-consuming to obtain homologous plants by 
repeatedly self- fertilization, and homozygous plants are much more frequently silenced than 
hemizygous plants (Palauqui et al., 1997), no effort had been made to achieve homozygous 
transgene plants between the successive crossing steps. 
The plants used for crossing harbored single (i.e. cppc, StppcS9D-C4, Stppc-C4, Me2, pdk, ppsA, 
pckA and ppt) or double (i.e. cppc/Me2) “C4-cycle” gene(s), had larger accumulation of 
respective transgenes encoding protein(s) or mRNA (for ppt overexpressors), and exhibited 
higher levels of corresponding enzyme activities (4.3). To ensure the success of individual 
crosses, when available, more than one plant overexpressing each “C4-cycle” gene was 
employed. Crossing was first undertaken between Corynebaterium phosphoenolpyruvate 
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carboxylase (PCC) overexpressors and NADP-malic enzyme (ME), PCC/ME or PEP 
carboxykinase (CK) overexpressors (4.4.1-4.4.2). The resulting double PCC/ME and PCC/CK 
overexpressors were then crossed not only with pyruvate, orthophosphate dikinase (DK) or 
phosphoenolpyruvate synthase (PS) overexpressors but also with plants overexpressing 
modified potato phosphoenolpyruvate carboxylases (PCSD and PCSF) or E. coli 
phosphoenolpyruvate carboxylase (PCE) (4.4.3). From the latter crosses tobacco plants 
overexpressing two different foreign PC enzymes could be created. These plants offered an 
opportunity to study the effects of combined overexpression of different PC enzymes on the 
level of PC activity and on the CO2 assimilation. The next round of crossing was between 
different triple “C4-cycle” genes overexpressors resulted from the above crossing (4.4.4). 
Finally, foreign phosphoenolpyruvate translocator (PT) was introduced into the created 
multiple gene overexpressors (4.4.5). 
 
Some efficient screening methods were found to detect “C4-cycle” genes and their encoding 
proteins in the progenies of crossed transgenic plants (4.4.6). 
 
 
4.4.1 Crossing between single PCC and ME overexpressors  
 
Ten reciprocal crosses were performed between five PCC S1 plants and four ME S1 plants as 
well as one PCC/ME S1 plant, which had been selected by previous determinations (4.3.1, 
4.3.2.1, 4.3.2.2). Seeds obtained from crosses were germinated on MS medium containing 
100 µg/ml kanamycin. The resulting plants (F1 plants) were screened by Western blot 
analyses as well as PC activity measurements. Final results are outlined in Tab. 12. 
 
A total of 117 of the resulting F1 plants were screened. In the first set of experiments, 41 F1 
plants were analysed by both PC activity measurements and Western blotting. The results 
showed that these plants had varying PC activities (Tab. 12), although most of them had 
comparable amounts of PCC protein (data not shown). Possible reasons for it might be as 
pointed out for PCC T0 plants (4.3.2.1). It appeared to be more effective to screen the crossing 
progenies by PC activity measurements. Hence, the remaining 76 F1 plants were primarily 
screened by determinations of PC activities. The results were then examined by Western blot 
analysis. 
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Tab. 12 Crosses between PCC overexpressors and ME as well as PCC/ME overexpressors 
and screening of the resulting F1 plants 
 
Plants for crosses a Screening of the resulting F1 plants by 
PC activity measurements  
Female parents  Male parents  Numbers of the 
screened plants 
Ranges of relative 
PC activities b 
F1 plants with higher 
protein amounts and/or 
higher activities of PCC 
and ME c 
PCC 120/5 S1 ME 59/1 S1 10 1.4 - 2.0 - 
ME 59/1 S1 PCC 120 S1 10 1.5 - 1.9 - 
PCC 273/2 S1 ME 59/3 S1 10 1.5 - 1.9 - 
ME 59/3 S1 PCC 273/2 S1 10 1.4 - 2.0 - 
PCC 100’/4 S1 ME 80/1 S1 10 1.3 - 1.9 - 
PCC 200’/10 S1 ME 59/5 S1 10 1.5 - 1.9 - 
ME 59/5 S1 PCC 200’/10 S1 10 1.6 - 1.9 PCC/ME 7/7 F1 
PCC 120/5 S1 PCC/ME 158/4 S1 14 1.1 - 2.1 PCC/ME 8/2 F1 
PCC/ME 158/4 S1 PCC 120/5 S1 10 1.5 - 2.1 PCC/ME 9/10 F1 
PCC/ME 158/4 S1 PCC 273/2 S1 23 1.3 - 2.8 
PCC/ME 10/11 F1, 
PCC/ME 10/14F1, 
PCC/ME 10/23 F1 
 
a The activities of PC and ME for these S1 plants are shown in the sections 4.3.2.1 and 4.3.2.2. 
b Relative activities are calculated by dividing specific activities for individual F1 plants by that for wild type. 
c The activities of PC and ME for these F1 plants see Fig. 14.  
 
Unlike PCC, greatly varying intensities of ME protein amounts were observed among 43 F1 
plants (data not shown). ME activity was determined in both crude leaf extracts and 
chloroplasts extracts of the plants that showed relative high PC activities (above 1.5-fold 
versus wild type). 
 
Among the investigated crossing progenies, six plants exhibited relative high activities of 
both enzymes PC and ME. The elevations in the PC activity (1.8- to 2.8-fold versus wild 
type) in these PCC/ME F1 plants (Fig. 14) are similar to that in their corresponding parent 
plants (PCC S1 plants) (Tab. 5). Up to 1.8- and 15.5-fold increased ME activities were 
observed in crude leaf extracts and chloroplast extracts of these F1 plants, respectively (Fig. 
14). These increases were lower than those in their corresponding parent plants (Tab. 6), 
which might be partially due to the relative high wild-type level of ME activity detected here. 
These plants were chosen for further crossing. 
 
 
 112  
 
 
Fig. 14 Enzyme activities of PC and ME in crude leaf extracts and/or chloroplast extracts of 
PCC/ME overexpressors (F1 plants) 
 
PC activities were measured in crude leaf extracts while ME activities were determined in both crude leaf extracts 
(Cr) and chloroplast extracts (Ch) of F1 plants. Two to four independent experiments were performed except for 
the determination of ME activity in chloroplast extracts of the plants PCC/ME7/7F1, PCC/ME8/2F1 and 
PCC/ME9/10F1. Where indicated the mean ± SD are shown on individual bars.  
 
 
4.4.2 Crosses between single PCC and CK overexpressors  
 
Six crosses were performed between four PCC S1 plants and four CK S1 plants, which were 
selected by previous determinations (4.3.1, 4.3.2.1, 4.3.2.4). To screen for double PCC/CK 
overexpressors, PC activity was first measured in 72 of the resulting progenies (F1 plants) 
(Tab. 13).  
 
Tab. 13 Crosses between PCC and CK overexpressors and screening of the resulting F1 
plants  
 
Plants for crosses a 
Screening of the resulting F1 plants by 
PC activity measurements  
Female parent Male parent 
Numbers of the 
screened F1 plants  
Ranges of relative 
PC activities b 
F1 plants with higher 
protein amounts and/or 
higher activities of PCC 
and CK c 
PCC 100’/4 S1 CK 276/10 S1 8 0.9 - 1.8 - 
CK 276/10 S1 PCC 100’/4 S1 9 1.0 - 1.8 PCC/CK 2/1 F1 
PCC 100’/4 S1 CK 609/2 S1 15 0.7 - 2.1 PCC/CK 3/6 F1 
PCC 200’/10 S1 CK 276/2 S1 10 1.2 - 2.3 - 
PCC 273/2 S1 CK 276/7 S1 20 1.8 - 2.7 
PCC/CK 5/14 F1, PCC/CK 
5/19 F1, PCC/CK 5/20 F1, 
PCC 120/5 S1 CK 276/7 S1 10 1.4 - 2.2 PCC/CK 6/5 F1 
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a The activities of PC and CK for these S1 plants are shown in the sections 4.3.2.1 and 4.3.2.3. 
b see Tab. 12. 
c The activities of PC and CK for these F1 plants see Fig. 15.  
 
The plants showing relative high PC activities were examined for their accumulation of 
foreign CK protein by Western blot analysis, and for their CK activities. 
In single CK overexpressors, CK activities could be measured in crude leaf extracts with 
method I, whereby the rate of converting PEP to OAA is measured (3.4.6). Rates of the same 
conversion are determined during PC activity measurements (3.4.6). PC activities had been 
observed to be much higher than that of CK in crude leaf extracts of respective single 
overexpressors (4.3.2.1 and 4.3.2.4). Therefore, if method I was applied for measuring CK 
activities in double PCC/CK overexpressors, their PC activities would interfere with the 
measurements, resulting in some values higher than the authentic CK activities. In view of 
such disadvantages of method I, attempts were made to determine CK activities in double 
PCC/CK overexpressors with another method, i.e. method II (3.4.6). In this method the rate of 
an opposite reaction, the conversion of OAA to PEP was measured. In theory, the 
employment of method II may avoid the interference of PC activities, but, in practice, no 
specific CK activities could be detected in double PCC/CK overexpressors (data not shown). 
This might be explained by the possibility that PEP, formed via CK, was converted back to 
OAA at a rate exceeding that of its formation, because CK activities were much lower than 
PC activities in these plants. As a consequence, no net formation of PEP could be detected. 
Unlike the case in crude leaf extracts of double PCC/CK overexpressors, the CK activity was 
successfully measured in their chloroplast extracts by means of method II, and the resulting 
activity values were comparable to those obtained in the same extracts by method I (data not 
shown). Apparently, the determinations of stromal CK activities could not be affected by the 
cytosol- located PC activities. 
The above results revealed that even with method II the measurements of the CK activity in 
crude leaf extracts of double PCC/CK overexpressors could still be interfered by PC activities. 
This suggests that for these plants the CK activity can only be accurately detected in their 
chloroplast extracts. 
 
After the screening, six F1 plants overexpressing both PCC and CK proteins with higher 
enzyme activities were chosen for further crossing. When compared with the wild type, they 
exhibited 1.7- to 2.7-fold increased PC activities (Fig. 15). In most cases (except the plants 
from PCC 100 /´4), these increases were similar to those for their corresponding parent plants 
(Tab. 5). These F1 plants had chloroplastic CK activities of 4.8-12.7 mU/mg protein, which 
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were at comparable levels to their parents (Tab. 11). Wild type had a nonspecific activity of 
1.2 mU/mg protein (Fig. 15).  
 
 
Fig. 15 Enzyme activities of PC in crude leaf extracts and of CK in chloroplast extracts of 
PCC/CK overexpressors (F1 plants) 
 
PC activities were measured in crude leaf extracts of PCC/CK F1 plants. CK activities were determined in their 
chloroplast extracts (Ch). The data for PC activities represent the mean ± SD obtained from three or four 
independent experiments. 
 
 
4.4.3 Crosses between double PCC/ME or PCC/CK overexpressors and single PCSD, 
PCSF, PCE, DK or PS overexpressors  
 
Double PCC/ME and PCC/CK overexpressors (each six F1 plants) (4.4.1 and 4.4.2) were 
crossed with single PCSD, PCSF, PCE, DK or PS overexpressors (4.3.2.3, 4.3.2.5 and 4.3.2.6). 
The latter ones were either T0 or S1 plants that had higher activities of corresponding “C4-
cycle” enzymes. After each cross, 10-48 resulting progenies (F2 plants) were screened first by 
PC activity measurements (Tab. 14). Western blot analyses were performed to detect ME, PS 
and/or CK in those F2 plants which had shown relative high PC activities. In addition, 
enzyme activities of ME and/or DK were also determined in crude leaf extracts of these 
plants. 
By these determinations, nine F2 plants triply overexpressing “C4-cycle” genes in different 
combinations (Tab. 14) were found to have higher protein amounts (data not shown) and/or 
higher activities of these genes encoding enzymes (Fig. 16). They were chosen for further 
crossing. 
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Tab. 14 Crosses between PCC/ME and PCC/CK overexpressors (F1 plants) and PCSD, PCSF, 
PCE, DK or PS overexpressors and screening of the resulting F2 plants  
 
Plants for crosses a 
Screening of the resulting F2 plants by 
PC activity measurements  
F2 plants with higher protein 
amounts and/or higher activities 
of individual foreign enzymes b 
Female parent Male parent 
Numbers of the 
screened plants  
Ranges of relative 
PC activity  
Plants  Foreign enzymes  
PCC/ME 10/11 F1 PCSD 10 T0 10 1.2 - 4.3 -  
PCC/ME 10/23 F1 PCSD 10 T0 10 0.7 - 4.1 J1, J2 PCC/PCSD/ME 
PCC/ME 10/14 F1 PCSF 37 T0 10 0.7 - 2.8 -  
PCC/ME 7/7 F1 PCE 2/58 S1 10 0.8 - 2.3 -  
PCC/ME 9/10 F1 PCE 2/58 S1 10 0.5 - 1.7 -  
PCC/ME 10/11 F1 PCE 2/58 S1 7 1.4 - 2.3 -  
PCC/ME 10/23 F1 PCE 2/58 S1 7 0.7 - 2.8 -  
PCC/ME 7/7 F1 PS 576/1 S1 10 0.5 - 2.6 -  
PCC/ME 8/2 F1 PS 548/1 S1 10 1.0 - 2.7 -  
PCC/ME 9/10 F1 PS 535/5 S1 8 1.0 - 2.3 -  
PCC/ME 10/11 F1 PS 535/5 S1 10 0.9 - 2.6 J6 PCC/ME/PS 
PCC/ME 10/23 F1 PS 535/5 S1 10 0.9 - 2.1 -  
PCC/ME 10/11 F1 DK 18 T0 13 0.6 - 2.3 -  
PCC/ME 10/14 F1 DK 18 T0 10 1.2 - 2.5 J20 PCC/ME/DK 
PCC/ME 10/23 F1 DK 18 T0 13 0.5 - 1.5   
PCC/CK 2/1 F1 PCSD 10 T0 8 0.8 - 1.8 -  
PCC/CK 3/6 F1 PCSF 37 T0 10 0.6 - 4.0 J11 PCC/PCSF/CK 
PCC/CK 5/14 F1 PCSF 37 T0 10 1.0 - 4.5 -  
PCC/CK 2/1 F1 PCE 2/58 S1 10 0.3 - 1.5 -  
PCC/CK 3/6 F1 PCE 2/58 S1 10 0.6 - 1.3 -  
PCC/CK 5/14 F1 PCE 2/58 S1 10 0.8 - 2.2 -  
PCC/CK 5/19 F1 PCE 2/58 S1 7 1.1 - 2.0 -  
PCC/CK 5/20 F1 PCE 2/58 S1 7 0.8 - 2.8 J10 PCC/PCE/CK 
PCC/CK 3/6 F1 PS 535/5 S1 5 1.0 - 2.0 -  
PCC/CK 3/6 F1 PS 548/6 S1 10 0.9 - 1.9 -  
PCC/CK 5/14 F1 PS 535/5 S1 10 0.7 - 2.7 J17 PCC/PS/CK 
PCC/CK 5/19 F1 PS 535/5 S1 9 0.6 - 1.9 -  
PCC/CK 5/20 F1 PS 535/5 S1 10 0.9 - 1.9 -  
PCC/CK 2/1 F1 DK 18 T0 7 0.6 - 1.3 -  
PCC/CK 3/6 F1 DK 18 T0 10 0.8 - 1.2 -  
PCC/CK 5/14 F1 DK 18 T0 10 0.8 - 2.2 -  
PCC/CK 5/19 F1 DK 18 T0 10 0.6 - 1.5 J15 PCC/DK/CK 
PCC/CK 5/20 F1 DK 18 T0 10 0.5 - 1.8 -  
PCC/CK 6/5 F1 DK 18 T0 10 0.6 - 2.4 J14 PCC/DK/CK 
 
a The activities of individual foreign enzymes for S1 and F1 plants are shown in the sections 4.3.2.3-4.3.2.6 and 
4.4.1-4.4.2, respectively. 
b The activities of PC, ME and DK for these F2 plants see Fig. 16. The results of Western blot analyses for ME, 
PS and CK are not shown. 
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The data in Tab. 14 show that after the crosses between plants with different PC enzymes, the 
progenies exhibited increases in the PC activity at comparable levels to those for the part of 
their parents that had relative high increases (compare with the data for PCC/ME, PCC/CK, 
PCSD and PCSF overexpressors, see 4.4.1, 4.4.2 and 4.3.2.5) (Tab. 14). The progenies from 
other crosses showed increases in the PC activity similar to their PC-overexpressing parents 
(see 4.4.1 and 4.4.2), which were up to 2.8-fold (Tab. 14). 
 
 
Fig. 16 Enzyme activities of PC, ME and DK in crude leaf extracts of individual F2 plants 
 
PC, ME and DK activities were determined in crude leaf extracts (Cr) of F2 plants, which were obtained from 
crossing between PCC/ME or PCC/CK plants and PCSD, PCSF, PCE, DK or PS overexpressors. 
 
The ME activities in crude leaf extracts of selected F2 plants were 2.0- to 3.4-fold higher 
versus wild type (Fig. 16). These values were higher than those for their parents (compare 
with data in Fig. 14). Lower level of wild-type ME activity was responsible for these 
differences. The selected F2 plants had the DK activities of 38-55 mU/mg protein in their 
crude leaf extracts (Fig. 14), whereas the DK activity in wild type was only 1.7 mU/mg 
protein. Both values were higher than those in previous measurements for the DK S1 plants 
(see Fig. 11). 
 
 
4.4.4 Crossing between different triple “C4-cycle” enzymes overexpressors  
 
Eight crosses were performed between nine triple “C4-cycle” enzymes overexpressors (F2 
plants, see 4.4.3). After each cross, 12-22 resulting progenies (F3 plants) were screened first 
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by PC activity measurements (Tab. 15). Western blot analyses were done to detect ME, CK 
and/or PS in the F3 plants that showed relative high PC activities (data not shown). These 
plants were also measured for activities of ME, DK, PS and CK in their crude leaf extracts 
and/or chloroplasts extracts. 
Seven F3 plants (Tab. 15) multiply overexpressing different “C4-cycle” genes showed relative 
high levels of both protein amounts (data not shown) and enzyme activities (Fig. 17) of 
corresponding “C4-cycle” enzymes. They were chosen for further crossing. 
 
Tab. 15 Crosses between individual triple C4-metabolic enzymes overexpressors (F2 plants) 
and screening of the resulting F3 plants 
 
F2 plants for crosses a 
Screening of the resulting F3 plants by 
PC activity measurements  
F3 plants with higher protein amounts 
and/or higher activities of individual 
foreign enzymes c 
Female 
parent 
Male 
parent 
Numbers of the 
screened plants 
Ranges of relative 
PC activity b 
Plants d Foreign enzymes 
J1 J6   - - 
J2 J6 16 0.9 - 3.1 L1 PCC/PCSD/ME/PS 
J6 J14 15 1.3 - 2.8 - - 
J6 J15 22 0.5 - 2.1 L7 PCC/ME/DK/PS/CK 
L6 PCC/ME/DK/CK 
J17 J20 7 1.1 - 1.9 
L3 PCC/ME/DK 
J6 J10 22 0.7 - 2.7 - - 
L4 PCC/(PCSD)/ME/DK/CK 
L5 PCC/(PCSD)/ME/DK/CK J2 J15 18 1.7 - 3.4 
L2 PCC/(PCSD)/ME/DK 
J2 J11 12 0.4 - 4.2 - - 
 
a The activities of individual foreign enzymes for F2 plants are shown in Fig. 16. 
b see Tab. 12. 
c The activities of individual foreign enzymes for these F3 plants are shown in Fig. 17. 
dThe original names of these plants: L1=J2xJ6:1; L2=J2xJ15:9; L3=J17xJ20:8; L4=J2xJ15:5; L5=J2xJ15:8; 
L6=J17xJ20:1; L7=J6xJ15:20. 
  
The activities of PC, ME, in the selected F3 plants were similar to their parents’ (Fig. 17, compare 
with data in Fig. 16). These plants had lower DK activities (Fig. 17) than their parents (see Fig. 
16), although no large differences were found between the values for wild type in both 
measurements. The values for the F3 plants were, however, similar to those for the DK S1 plants 
(see Fig. 10). The protein amounts of PS and CK, as judged by immunosignal intensities, in these 
F3 plants were comparable to those in their parents (data not shown). 
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Fig. 17 Enzyme activities of PC, ME, CK, PS and DK in crude leaf extracts and/or chloroplast 
extracts of individual F3 plants 
 
Enzyme activities of PC and DK were determined in crude leaf extracts (Cr) of F3 plants. Activities of CK and PS 
were measured in their chloroplast extracts (Ch). The ME activity was measured in both their crude leaf extracts 
and chloroplast extracts. The data represent the mean ± SD obtained from two to five independent experiments.  
 
 
4.4.5 Crosses between multiple “C4-cycle” enzymes overexpressors and PT 
overexpressors  
 
Crosses were performed between seven multiple “C4-cycle” enzymes overexpressors (F3 
plants, see 4.4.4) and three PT overexpressors, i.e. PT9S2, PT10S2 and PT13S2 (4.3.2.7.3). 
The seeds resulting from individual crosses were named “groups” A to X (Tab. 16). 
150 plants (F4 plants) grown from these seeds were screened by measurements of their PC 
activities. Up to 3.2-, 3.5- and 3.7-fold higher PC activities versus wild type were observed 
for the F4 plants derived from the F3 plants L1, L2 and L5. For other F4 plants, the PC 
activity was increased up to 2.9-fold. 
79 of the investigated plants had PC activities higher than 1.5-fold relative to wild type. They 
were further examined for the integration of ppt gene in their genomes, for protein amounts of 
foreign ME, PS and/or CK, and/or for enzyme activities of DK (data not shown). Enzyme 
activities of ME, PS and CK were planed to be examined later in those plants which exhibited 
changes in photosynthetic characteristics. 
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Tab. 16 Crosses between multiple C4-metabolic enzymes overexpressors (F3 plants) and PT 
overexpressors and screening of the resulting F4 plants 
 
Plants for crosses  
a 
The resulting F4 
plants 
F4 plants with complete sets of  
“C4-cycle” enzymes 
Determinations of “C4-cycle”  
enzymes and ppt gene f 
Relative 
activities g 
Intensity levels of 
immunosignals h 
PCR 
product 
Female 
parents 
(F3 
plants) 
Male 
parents 
(S2 
plants) 
Groups 
of 
seeds  
Numbers 
of 
screened 
F4 plants 
Plants 
“C4-cycle” enzymes 
overexpressed in plants e 
PC DK ME PS CK PT 
- - - - Wild 
type 
/ 1.0 1.0 / / / / 
JL 27 PCC/ME/PS/PT b 1.7 - 3 2 - + 
JL 28 PCC/ME/PS/PT b 2.1 - 2 2 - + 
JL 88 PCC/ME/PS/PT b 2.4 - 1 3 - + 
JL 145 PCC/PCSD/ME/PS/PT b 3.2 - 1 2 - + 
L1 PT9S2 A 11 
JL 146 PCC/ME/PS/PT b 2.8 - 1 2 - + 
JL 5 PCC/ME/PS/PT b 2.8 - 2 2 - + 
JL 8 PCC/ME/PS/PT b 2.3 - 3 2 - + 
JL 33 PCC/ME/PS/PT b 2.8 - 3 2 - + 
JL 59 PCC/ME/PS/PT b 2.4 - 2 2 - + 
L1 PT10S2 B 15 
JL 60 PCC/ME/PS/PT b 2.5 - 2 3 - + 
JL 86 PCC/ME/PS/PT b 2.5 - 1 3 - + L1 PT13S2 C 11 
JL 87 PCC/ME/PS/PT b 2.2 - 2 3 - + 
L2 PT9S2 K 5 JL 109 PCC/PCSD/ME/DK/PT b 3.1 7.2 2 - - + 
L2 PT10S2 L 5 JL 66 PCC/PCSD/ME/DK/PT b 3.1 9.7 2 - - + 
L2 PT13S2 M 4 JL 113 PCC/ME/DK/PT b 2.8 2.4 2 - - + 
L3 PT9S2 R 5 - - - - - - - - 
JL 125 PCC/ME/DK/PT b 1.9 3 3 - - + 
JL127 PCC/ME/DK/PT b 2.3 8.0 3 - - + L3 PT10S2 S 9 
JL 128 PCC/ME/DK/PT  b 1.9 12.3 2 - - + 
L3 PT13S2 T 19 JL 79 PCC/ME/DK/PT  b 2.1 4.1 3 - - + 
JL 37 PCC/ME/CK/PT c 2.8 - 3 - 2 + 
JL 95 PCC/ME/DK/CK/PT d 1.7 15.6 4 - 1 + L4 PT9S2 D 5 
JL 97 PCC/CK/PT c 2.2 - / - 1 + 
JL 98 PCC/ME/DK/PT  b 2.9 12.7 3 - / + L4 PT10S2 E 5 
JL 147 PCC/ME/CK/PT  c 2.7 - 2 - 2 + 
L4 PT13S2 F 5 - - - - - - - - 
L5 PT9S2 G 4 JL 153 PCC/PCSD/ME/CK/PT  c 3.7 - 1 - 2 + 
JL 158 PCC/ME/DK/CK/PT d 2.6 4.9 3 - 2 + L5 PT10S2 H 5 
JL 102 PCC/ME/DK/CK/PT d 2.8 4.7 2 - 3 + 
L5 PT13S2 J 5 JL 39 PCC/ME/DK/CK/PT d 2.5 4.1 3 - 1 + 
L6 PT9S2 N 5 JL 167 PCC/ME/CK/PT  c 2.1 - 2 - 2 + 
JL 45 PCC/ME/DK/PT  b 1.9 8.4 2 - / + 
JL 118 PCC/ME/DK/CK/PT d 1.5 11.1 3 - 2 + L6 PT10S2 P 6 
JL 120 PCC/ME/DK/CK/PT d 2.5 11.8 2 - 1 + 
L6 PT13S2 Q 5 - - - - - - - - 
L7 PT9S2 V 5 JL 69 PCC/ME/DK/PS/CK/PT
 
d 
1.9 9.7 2 3 1 + 
JL 16 PCC/ME/DK/PS/PT b 2.0 5.0 3 2 / + 
JL 42 PCC/ME/DK/PS/PT b 1.7 6.5 3 4 / + L7 PT10S2 W 10 
JL 71 PCC/ME/DK/PS/PT b 1.6 2.4 2 3 / + 
JL 18 PCC/ME/DK/PS/CK/PT
 
d 
1.9 1.6 3 4 3 + 
L7 PT13S2 X 6 
JL 161 PCC/ME/PS/CK/PT d 1.5 - 3 3 3 + 
a The activities of individual foreign enzymes for F3 plants (L1 to L7) are shown in Fig. 17. The expression levels 
of ppt gene in the three PT overexpressors (PT9S2, PT10S2 and PT13S2) are shown in Fig. 13. 
b, c and d The foreign enzymes in individual combinations are expected resulting in a NADP-ME-type, PCK-type or 
combined both types of C4-like metabolism (see Fig. 1), respectively, in transgenic tobacco plants. 
e The shaded plants were used for the measurements of photosynthes is parameters (section 4.5.4.3); the plants 
in thick print were used for the investigations on the growth parameters (section 4.6.2). 
f The symbols +, / and – represent positive result, negative result, and not determined, respectively. 
g Relative activities are calculated by dividing specific activities for individual F1 plants by that for wild type. 
h The definition of the intensity level of an immunosignal is given in section 4.2.2.2. 
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After these determinations, 38 F4 plants (Tab. 16) were demonstrated to harbor the PT 
encoding gene as well as complete set(s) of foreign enzymes for either NADP-ME-type (b), 
or PCK-type (c), or both types (d) of C4-like CO2 assimilation pathways (see Fig. 1). In the 
NADP-ME-type transgenic plants, foreign DK and PS that catalyse similar reactions were 
synthesized either alternatively or in a combination. For some of the PCK-type plants, foreign 
ME was present in addition to foreign PC, CK and PT. In addition, although in general these 
plants had relative high protein amounts as well as activities of individual “C4-cycle” 
enzymes, there were still variations of these values among the plants containing each type of 
C4-like pathway (Tab. 16). This provides great possibilities for obtaining some plants with 
changes in photosynthetic characteristics (see Discussion 5.4). 
 
 
4.4.6 Methods for efficient screening for desired hybrids of “C4-cycle” genes 
overexpressors  
 
After various crosses, up to six “C4-cycle” genes should have been introduced into single 
transgenic tobacco plants. In order to find out desired hybrids, a large number of the 
progenies of crossed plants had to be screened. In the present study, the screening was 
undertaken at the levels of gene (by PCR analysis), mRNA (by Northern blot analysis) and/or 
protein (by Western blot analysis and enzyme activity measurements). In general, by each 
assay only one foreign gene or foreign protein was examined. Such screening is reliable but 
time-consuming. Therefore, efforts were made to establish some simpler methods for further 
studies. 
 
During the screening for desired hybrids at the gene level, a new method was tried, by which 
all the “C4-cycle” genes could be detected in a single PCR reaction (4.4.6.1). For the 
screening at the protein level, it was found that both PCC and PCSD or PCSF could be detected 
in a single Western blot analysis using the antibody against PCC (4.4.6.2). Similarly, PCC and 
PS could be detected in a single Western blot analysis using the anti-PS-serum (data not 
shown). 
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It would be of interest to distinguish the enzyme activities of bacterial PC (PCC) and plant-
derived PC (e.g. PCSD), since some transgenic plants might contain both of them.This goal 
can not be achieved by routine PC activity measurements using the same assay condition, 
because these enzymes catalyse the same reaction. Instead, the activities of PCC and PCSD can 
be distinguished at different assay conditions e.g. pH values (Häusler et al., 2001). Besides, 
another approach was found in the present study (4.4.6.3). 
 
 
4.4.6.1 Simultaneous detection of multiple “C4-cycle” genes in a single PCR reaction 
 
“C4-cycle” genes had been detected in individual single gene overexpressors and double 
cppc/Me2 or cppc/pckA overexpressors, in most cases using the same pair of primers, pS5  ´
and pS3  ´(4.3.1). However, these primers are not suitable for detecting multiple “C4-cycle” in 
a single PCR reaction, because same or very similar sizes of DNA fragments can be amplified 
from some of these genes, i.e. cppc, StppcS9D-C4, Stppc-C4 and pdk, or Me2 and pckA (see 
4.3.1). Therefore, a new approach was made to obtain distinct sizes of PCR products from the 
amplification of different genes. The oligonucleotide pS3v (2.5) was used as a common 3´ -
primer for all these genes. As complementary to one part of the termination sequence of 
CaMV 35S gene (pA35S), it is located distally to all these genes. New 5 -´primers, i.e. Stpc-
5v, tpt-5v, me-5v, pck-5v, dk-5v, pps-5v and cpc-5v (2.5), were designed being homologous 
to one part of 3 -´terminal sequences within the genes StppcS9D-C4, ppt, Me2, pckA, pdk , ppsA 
and cppc, respectively. By using the common 3´ -primer and individual 5 -´primers, DNA 
fragments with the sizes of 214 bp, 321 bp, 413 bp, 500 bp, 616 bp, 680 bp and approx. 800 
bp should be respectively amplified from the “C4-cycle” genes listed in above order. 
 
Seven transgenic tobacco plants that had been demonstrated to contain two to five foreign 
“C4-cycle” enzymes by enzyme activity measurements and Western blot analyses (4.4.1-
4.4.5) were investigated by PCR analysis using the above-described new primers. Six plants 
singly overexpressing cppc, StppcS9D-C4, Me2, ppsA, pckA and ppt served as positive controls. 
No pdk  positive control was available at that moment. Plant 74S3, a progeny of plant 74T0 
(see 4.3.2.1), served as a negative control. 
Two sets of PCR reactions were performed. In one set, the common 3 -´primer and those 5 -´
primer(s) which correspond(s) to the “C4-cycle” gene(s) that was (were) expected to occur in 
individual plants were used for the reactions (upper panel in Fig. 18). In another set, a primer 
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mixture composed of the common 3´ -primer and all the 5´ -primers were applied for all the 
investigated plants (lower panel in Fig. 18). The conditions for the annealing and extension 
steps were “for 20 sec at 57°C” and “for 2 min at 72°C”, respectively. 40 cycles of 
denaturation, annealing and extension were performed. The reaction mixtures were then 
fractionated by agarose gel electrophoresis (Fig. 18).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 Simultaneous detection of multiple foreign genes in transgenic tobacco plants by a 
single PCR reaction 
 
15 µl PCR reaction mixture per line was analyzed on a 2% agarose gel. The fragment sizes of DNA marker lPstI 
are given on the left. 
Upper panel: The common 3’-primer and those 5’-primer(s ) which correspond(s) to the foreign gene(s) expected 
in individual plants served as primers. Lanes 1 and 8: DNA size marker lPstI. Lanes 2-7: PCR reaction mixtures 
for tobacco plants singly overexpressing cppc (plant PCC273/2/3S2), StppcS9D-C4 (plant PCSD10/1S1), Me2 (plant 
ME80/3/3S2), pckA (plant CK276/10/10S2), ppsA (plant PS576/1/4S2) and ppt (plant PT9S2), respectively. Lanes 
9-10: PCR reaction mixtures for double cppc/Me2 overexpressors, plants PCC/ME158/4/5S2 and PCC/ME10/2F1, 
respectively. Lane 11: PCR reaction mixture for a triple cppc/StppcS9D-C4/Me2 overexpressor (plant J1/5). Lane 
12: PCR reaction mixture for a double cppc/pckA overexpressor (plant CK3/13F1). Lane 13: PCR reaction mixture 
for a multiple cppc/StppcS9D-C4/Me2/ppsA overexpressor (plant L1). Lane 14: PCR reaction mixture for a multiple 
cppc/Me2/ppsA/pdk/pckA overexpressor (plant L7). Lane 15: PCR reaction mixture for a triple cppc/Me2/pdk 
overexpressor (plant L3). Lane 16: empty space. 
Lower panel: A primer mixture composed of the common 3’-primer and all 5’-primers were applied for all 
investigated plants. Lanes 1 and 16: DNA size markers lPstI. Lanes 2-14: the genomic DNA samples are 
respectively corresponding to that on lanes 2, 3, 4, 5, 6, 9, 10, 12, 7, 11, 13, 14 and 15 in the upper panel, 
respectively. Lane 15: PCR reaction mixture for the plant 74/1/1/1S3 (see 4.2.2.2), negative control. 
 
As shown in the upper panel of Fig. 18, six positive controls gave rise to the corresponding 
singly amplified DNA fragments. For most of the investigated plants, the PCR results were 
same as those predicted on the basis of the results of Western blot analyses and enzyme 
activity measurements (see above). One exception was for plant J1/5 (lane 11), in which 
foreign enzymes PCC, PCSD and ME had been shown to occur, but only two of their encoding 
genes, cppc and Me2, were detected. In addition, one to two nonspecific amplification 
product(s) with small size(s) were observed in lanes 12-15. 
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Similar and even clearer results are shown on the lower pane l of Fig. 18. For examples, the 
StppcS9D-C4 amplification product, which was expected for plant J1/5 but does not appear in 
the upper panel, can be seen here unequivocally (lane 11). And for plant L7 (lane 13), all five 
expected amplification products, which are difficult to distinguish in the upper panel, can be 
easily recognized here. On the other hand, however, the signal for cppc amplification product 
was faint for multiple genes overexpressors. In addition, two nonspecific bands with the sizes 
of about 700 bp and 220 bp, respectively, were observed for nearly all samples including the 
negative control. They might interfere with the detection of ppsA and StppcS9D-C4 genes, 
respectively. An attempt was made later to diminish nonspecific products by raising the 
annealing temperature to 60°C. However, accompanying the disappearance of the larger 
nonspecific band, the band for pckA gene was also missing (data not shown). 
 
The above results indicate that this method (for the lower panel in Fig. 18) is feasible to 
simultaneously detect multiple “C4-cycle” genes in transgenic tobacco plants, although it 
should be further optimized. 
 
 
4.4.6.2 Simultaneous detection of PCC and PCSD or PCSF proteins on a single Western 
blot 
 
Simultaneous detection of PCC and PCSD or PCSF proteins by a single Western blot analysis is 
based on two facts. Firstly, PCC and PCSD or PCSF had distinct molecular weights, which are 
103 kD (Eikmann et al., 1989) and approx. 108 kD (Rademacher, 2002), respectively. 
Secondly, a cross reaction occurs between PCSD or PCSF protein and anti-PCC-serum. 
Examples for such detection are given in Fig. 19. The investigated plants had been 
demonstrated to harbor cppc, StppcS9D-C4, or both of them by PCR analyses. The results for 
some of them are shown in Fig. 9B (for plant PCSD10/1S1) and Fig. 18 (for plants 
PCC273/2/3S2 and J1/5). 
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Fig. 19 Simultaneous detection of both PCC and PCSD by a single Western blot analysis 
50 µg total proteins per line were separated on a 7% SDS-polyacrylamide gel and blotted onto nitrocellulose 
membrane. Reversible Ponceau staining demonstrated that same amounts of soluble proteins were used for 
detections (figures not shown). Immunodetections were carried out using PCC-specific polyclonal antibodies with 
the dilution rate of 1/500. The molecular weights of marker proteins are indicated on the left. Wild type and the 
plant 74/1S1 (see 4.2.2.2) were used as negative controls. 
A. lane 1: marker proteins SDS6H (Sigma). Lane 2: crude leaf extract of wild type. Lane 3: crude leaf extract of 
the plant 74/1S1. Lanes 4-7: crude leaf extracts of cppc overexpressors, plants PCC197’/4/2S2, PCC273/2/3S2, 
PCC120/5/3S2 and PCC100’/4/1S2, respectively. Lanes 8-9: crude leaf extracts of StppcS9D-C4 overexpressors, 
plants PCSD10/1S1 and PCSD10/3S1, respectively. 
B. lane 1: marker proteins SDS6H (Sigma). Lanes 2-3: protein samples are respectively corresponding to that on 
lanes 2-3 in panel A. Lane 4: crude leaf extract of a double cppc/Me2 overexpressor (plant PCC/ME10/2F1). 
Lanes 5-8: crude leaf extracts of the plants J1/5, J1/6, J1/7 and J1/10, four progenies of self-fertilized F2 plant J1 
(a cppc/StppcS9D-C4/Me2 overexpressor, see Tab. m), respectively.  
 
A PCC immunosignal was observed for single cppc overexpressors (lanes 4-7 in Fig. 19A) 
and the double cppc/Me2 overexpressor (lane 4 in Fig. 19B). A weak signal at a slightly 
higher position, which should be due to the above-mentioned cross reaction, was observed for 
single StppcS9D-C4 overexpressors (lanes 8-9 in Fig. 19A). Among the progenies of a self-
fertilized triple cppc/StppcS9D-C4/Me2 overexpressor (plant J1), the PCC immunosignal was 
observed for three of them with varying intensities (lanes 5-7 in Fig. 19B), while the PCSD 
specific signal was observed for all of them (lanes 5-8 in Fig. 19B). A weaker band 
accompanying the PCSD specific signal was observed at a still higher position. Its origin is yet 
to be elucidated. As expected, these specific signals were observed neither for wild type nor 
for another negative control (plant 74/1S1, a progeny of 74T0, see 4.3.2.1) (Fig. 19). 
 
In support of these results, larger increases in PC activity were obtained in the plants showing 
PCSD immunosignals (up to 4.3-fold) than those showing only PCC immunosignals (up to 2.9-
fold) (data not shown), which were in accordance with previous findings that PCSD 
overexpressors had higher PC activities than PCC overexpressors (see 4.3.2.5 and 4.3.3). 
 
A similar cross-reaction was also observed for PCSF protein in Stppc-C4 overexpressors (data 
not shown). 
 
     1       2      3      4      5       6      7      8      9 
116 kb - 
  97 kb - 
116 kb - 
  97 kb - 
PCSD 
PCSD 
A 
B 
PCC 
PCC 
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4.4.6.3 Discrimination between enzyme activities of PCC and PCSD on the basis of their 
differential responses to acetyl-CoA and L-aspartate 
 
It has been well documented that a variety of metabolite effectors exert allosteric controls on 
the PC activity (1.4). PC form different sources may have distinct responses to the same 
metabolites. For examples, PCC is activated by acetyl-CoA and inhibited by L-aspartate 
(Eikmanns et al., 1989). In contrast, S. tuberosum endogenous PC is slightly inhibited by L-
aspartate but unaffected by acetyl-CoA (Gehlen, 1997). These observations raised a 
possibility to distinguish different foreign PCs in transgenic plants by the aid of metabolite 
effectors. 
 
In the present study, effects of acetyl-CoA and L-aspartate on PC activities were 
comparatively investigated for single PCC and PCSD overexpressors as well as wild type and 
another control plant (a progeny of 74T0, see 4.3.2.1). The results are illustrated in Tab. 17. 
 
Tab. 17 Effects of acetyl-CoA and L-aspartate on enzyme activities of PC from different 
sources in transgenic tobacco plants 
 
Enzyme activities of PC a 
without addition with 0.1 mM Acetyl-CoA with 10 mM L-aspartate Sources of 
foreign  
ppc genes  
Tobacco plants  
Specific activity 
(mU/mg protein) 
Relative 
activity 
Specific activity 
(mU/mg protein) 
Relative 
activity 
Specific activity 
(mU/mg protein) 
Relative
activity 
/ Wild type 35.62 ± 1.05 1.0 38.47 ± 2.34 1.0 24.20 ± 3.90 1.0 
/ 74/1/1/1 S3 34.85 ± 1.67 1.0 34.31 ± 4.80 0.9 20.94 ± 2.49 0.9 
C. glutam icum PCC 120/5/3/1 S3 92.84 ± 4.36 2.6 199.65 ± 16.44 5.2 27.29 ± 3.21 1.1 
C. glutamicum  PCC 197'/4//2/1 S3 84.82 ± 1.51 2.4 238.86 ± 8.66 6.2 34.37 ± 2.30 1.4 
C. glutamicum  PCC 273/2/3/3 S3 95.52 ± 14.64 2.7 141.88 ± 11.35 3.7 22.85 ± 1.19 0.9 
S. tuberosum PCSD 10/1/1 S2 99.21 ± 5.01 2.8 64.95 ± 0.62 1.7 46.05 ± 4.35 1.9 
S. tuberosum  PCSD 10/3/2 S2 115.42 ± 13.14 3.2 100.05 ± 6.21 2.6 66.14 ± 6.50 2.7 
 
a The data represent the mean ± SD obtained form three independent experiments . 
 
By addition of 0.1 mM acetyl-CoA, the PC activity was barely influenced in leaf extracts of 
wild type and another control, however, it was increased by 1.5- to 2.8-fold in cppc 
overexpressors. In contrast, it was decreased by 13%-35% in StppcS9D-C4 overexpressors (Tab. 
17). 
The addition of L-aspartate caused decreases in PC activity in all investigated plants, 
however, to varying extents. The largest (60%-76%) and smallest (32%-40%) declines were 
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observed for cppc overexpressors and control plants, respectively. StppcS9D-C4 overexpressors 
showed moderate decreases (43%-54%) (Tab. 17). 
 
These results indicated that enzyme activity of PCC was greatly activated by acetyl-CoA and 
inhibited by L-aspartate, whereas that of PCSD was slightly and moderately inhibited by 
acetyl-CoA and L-aspartate, respectively. Tobacco endogenous PC was not influenced by 
acetyl-CoA but moderately inhibited by L-aspartate. Such differences in kinetic properties of 
PC enzymes from different sources could help to distinguish their activities in transgenic 
tobacco plants. 
 
 
4.5 Effects of elevated activities of “C4-cycle” enzymes on the biochemical and 
physiological characteristics of transgenic tobacco plants 
 
In the previous sections (4.1 to 4.4), the experiments on gene cloning, and plant 
transformation,  crossing and identification have been described. This and the next sections 
will concentrate on presenting the effects that altered activities of “C4-cycle” enzymes might 
have on tobacco metabolism, such as on the activities of endogenous enzymes, content s of 
primary and secondary metabolites, photosynthetic characteristics, growth rates and formation 
of reproductive organs, etc. Increased activities of phosphoenolpyruvate carboxylase (PC) 
may cause an elevation in cytosolic PEP consumption and OAA production, which might, in 
turn, stimulate glycolysis as well as restrict the formation of flavonoids. Some alterations in 
endogenous enzyme activities might occur in response to these changes. An additional 
overexpression of chloroplast-targeted NADP-malic enzyme (ME) might attenuate the 
increases in the content of organic acids caused by elevated PC activities, because ME 
catalyses the decarboxylation of strongly acidic malate, readily formed from OAA via 
endogenous NDAP-MDH, to moderately acidic pyruvate. The introduction of stromal 
phophoenolpyruvate carboxykinase (CK) may lead to OAA decarboxylation. The competition 
between CK and endogenous NADP-MDH for their common substrate OAA might result in a 
change in the activity of the latter enzyme. The overexpression of pyruvate, orthophosphate 
dikinase (DK) and/or phophoenolpyruvate synthase (PS) in the chloroplasts of transgenic 
plants may enhance the stromal conversion rate of pyruvate to phophoenolpyruvate (PEP). 
PEP, either produced this way or formed via CK, may be more rapidly exported into the 
cytosol via elevated activities of phophoenolpyruvate/phosphate translocator (PT), recycled as 
 127  
a substrate for PC for sustained operation of “C4-cycle”. Since the release of CO2 in the 
vicinity of Rubisco in chloroplasts could be increased due to this C4-like metabolism, an 
inhibition of photorespiration might occur in plants with this CO2 assimilation pathway. This 
would in turn result in a decrease in CO2 compensation point and a decline in electron 
requirement for CO2 assimilation. These changes in photosynthetic characteristics might 
affect the growth and reproduction of these plants. 
 
 
4.5.1 Effects of increased activities of “C4-cycle” enzymes on the activities of 
endogenous cytosolic and chloroplastic enzymes 
 
Plant metabolism is very flexible due to several factors such as the presence of alternative 
enzymes and pathways (Stitt and Sonnewald, 1995). In transgenic tobacco plants the increases 
in the activities of “C4-cycle” enzymes might influence the activity pattern of endogenous 
enzymes. In other words, changes in this pattern could reflect the metabolic alterations caused 
by the introduction of “C4-cycle” enzyme(s). As pointed out above, the metabolisms of PEP 
and OAA might be affected by increased activities of PC, ME and CK in transgenic tobacco 
plants. As a consequence, the activities of some endogenous enzymes that are also involved in 
the metabolisms of these substances might be altered. To determine whether this was the case, 
the activities of these endogenous enzymes were measured in tobacco single PCC, ME and 
CK overexpressors, and double PCC/ME and PCC/CK overexpressors. 
In our first set of measurements (Häusler et al., 2001), the investigated plants included 
PCC197 /´4S1 (4.3.2.1), CK276/10S1 (4.3.2.4), PCC/ME10/11F1, PCC/ME10/14F1 and 
PCC/ME10/23F1 (4.4.1), PCC/CK2/1F1 and PCC/CK3/6F1 (4.4.2). Before sampling for the 
enzyme activity measurements, photosynthesis parameters were determined with the same 
leaves (see 4.5.4.1). Total ME activity, measured in crude leaf extract, was significantly 
increased in PCC/ME overexpressors. Such increases in ME activity has been proposed to be 
located in the cytosol (see Häusler et al., 2001). There were significant increases in the NAD-
ME activity in PCC, PCC/ME and PCC/CK overexpressors. NADP-MDH activity was lowered 
in CK overexpressors, and particularly in double PCC/CK overexpressors. Significant 
increases in the activity of PK (measured at pH optimum of the putative cytosolic enzyme, i.e. 
pH 6.9) were observed in PCC, PCC/ME and PCC/CK overexpressors. PEPP activity 
(measured at pH 6.9) declined in single PCC, and in particular, in double PCC/ME 
overexpressors. No significant changes in the activities of endogenous NADP- and NAD-
GAPDH, NAD-MDH, and NADP-ICDH were observed in the investigated plants (Tab. 18). 
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Tab. 18 Enzyme activities in wild-type tobacco and tobacco PCC, CK, PCC/ME and PCC/CK 
overexpressors a 
 
Biotype Wild type (n = 4) 
PCC 
overexpressors 
(n=2) 
CK 
overexpressors 
(n=3) 
PCC/ME 
overexpressors 
(n=5) 
PCC/CK 
overexpressors 
(n=4) 
PC 26.1 ± 1.5 87.2 ± 10.8 e n.d. 67.4 ± 9.1 a 51.9 ± 5.3 b 
ME (Ch) 0.0 n.d. n.d. 47.7 ± 23.0 n.d. 
Activities of 
transformed 
enzymes b  
(mU/mg 
protein) CK (Ch) 0.2 ± 0.3 n.d. 7.0 ± 2.0 c n.d. 5.5 ± 0.7 b 
NADP-ME 
(Cr) 35.9 ± 15.2 48.6 ± 15.6 45.8 ± 1.2 67.6 ± 13.8 c 47.9 ± 11.6 
NAD-ME 3.5 ± 0.7 5.5 ± 0.2 b 4.3 ± 1.8 5.2 ± 0.9 c 4.6 ± 0.8 e 
NADP-MDH 24.7 ± 7.7 25.0 ± 0.8 16.4 ± 0.4 19.1 ± 6.2 10.9 ± 4.5 d 
NAD-MDH 3269 ± 508 3299 ± 273 2737 ± 409 2978 ± 430 3496 ± 687 
PK (Cr) 12.4 ± 5.2 52.1 ± 9.3 e 28.1 ± 13.0 50.0 ± 17.6 b 26.2 ± 9.7 e 
PK (Ch) 23.4 ± 6.2 30.5 ± 8.1 25.6 ± 6.6 19.6 ± 7.9 21.6 ± 4.6 
PEPP (1) 43.0 ± 8.0 33.2 ± 5.7 39.2 ± 0.1 33.2 ± 3.2 e 38.1 ± 5.9 
PEPP (2) 34.9 ± 3.4 39.2 ± 19.2 30.7 ± 5.8 33.3 ± 6.4 33.1 ± 4.0 
NADP-
GAPDH 120.8 ± 60.3 138.5 ± 56.7 84.3 ± 60.2 82.1 ± 60.9 145.2 ± 16.3 
NAD-GAPDH 53.1 ± 30.6 60.2 ± 12.8 49.0 ± 35.8 43.9 ± 33.9 68.3 ± 8.5 
Activities of 
endogenous 
enzymes c  
 
(mU/mg 
protein) 
NADP-ICDH 10.9 ± 4.0 12.1 ± 4.4 9.1 ± 2.3 9.5 ± 3.1 11.9 ± 1.1 
 
a The data represent the mean ± SD where n represents the number of samples taken from different plants of 
individual biotypes. The data sets were tested for significant differences between “C4-cycle” gene overexpressors 
and the corresponding wild-type plants using the Welch method (see Methods). The calculated P-values were 
labeled by letters: a: P<0.001; b: P<0.01; c: P<0.02; d: P<0.05; e: P<0.1. Before sampling photosynthesis 
parameters were determined with the same leaves (see Tab. 19 and Fig. 24). 
b The enzyme activities of PC, ME and CK were determined only in corresponding foreign enzymes 
overexpressors. 
c The endogenous activities of these enzymes were measured for all plants. “Cr” and “Ch” indicate that the 
corresponding enzymes activities were measured in crude leaf extracts or in chloroplast extracts, respectively. 
PEPP activity was assayed either at pH 6.9 (1) or pH 7.9 (2). 
 
As shown in Tab. 18, a significant increase in total ME activity was observed only for double 
PCC/ME overexpressors. However, a simultaneous study on transgenic potato plants revealed 
that such activity increases occurred not only in their double PCC/ME overexpressors but also 
in single PCC or PCSD overexpressors (Häusler et al., 2001). In order to explore whether this 
is virtually also the case for transgenic tobacco plants, a more detailed study was conducted 
using a series of tobacco single PCC, PCSD and PCSF overexpressors, and double PCC/ME 
overexpressors. Tobacco single ME overexpressors were used as control plants in addition to 
wild type. 
 
First, the ME activity was determined in crude leaf extracts of the PCC, PCSD and PCSF 
overexpressors. The results showed that the endogenous ME activity was increased in a dose-
dependent manner (r2 = 0.8476) in response to the increase in PC activity that ranged between 
 129  
1- to 6-fold versus wild type. In tobacco PCC, PCSD and PCSF overexpressors, which had up to 
3-, 6- and 4-fold increased PC activities, the ME activity was up to 2-, 4-, and 2-fold higher 
than that in the wild type, respectively. Moreover, it appears that the above effect of increased 
PC activity was more significant in PCSD overexpressors than in the other plants (Fig. 20).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20 Correlation between enzyme activities of PC and ME in crude leaf extracts of single 
cppc, StppcS9D-C4 and Stppc-C4 overexpressors 
 
Enzyme activities of ME as well as PC were determined in crude leaf extracts of tobacco plants overexpressing 
cppc (open cycles), StppcS9D-C4 (closed black cycles) or Stppc-C4 (closed grey circles). Wild-type plants and plant 
74/1 served as negative controls (?). The vertical and horizontal error bars represent the mean ± SD (n = 3) of the 
determinations of PC activity and total ME activity in individual plants, respectively.  
 
Later, to address the question as to whether the effect of increased PC activity on endogenous 
cytosolic ME activity could be affected by additional introduction of chloroplast-targeted ME, 
total ME activity was measured in crude leaf extracts of double PCC/ME overexpressors as 
well as single PCC overexpressors. Plants of the se two kinds for this investigation were so 
chosen that the respectively corresponding plants had comparable PC activities. As it is 
possible that an increase in stromal ME activity due to the overexpression of Me2 also cause 
an increase in total ME activity, a series of single ME overexpressors were used as control 
plants. In addition to total ME activity, stromal ME activity was also determined in both 
double PCC/ME and single ME overexpressors. For a double PCC/ME overexpressor, only 
when its increased stromal ME activity does not affect the response of its endogenous cytosol 
ME activity to the increased PC activity, its total ME activity can be a sum of two values 
which are comparable to those for the corresponding single PCC and ME overexpressors, 
respectively. The results are illustrated in Fig. 21. 
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Fig. 21 Enzyme activities of PC and ME in crude leaf extracts and/or chloroplast extracts of 
tobacco plants overexpressing cppc and/or Me2 gene(s) 
 
PC activities were determined in crude leaf extracts of tobacco single cppc (plants PCC273/2/2S2 and PCC 
197’/4/3S2) and double cppc/Me2 overexpressors (plants PCC/ME158/4/5S2 and PCC/ME10/2F1). Stromal ME 
activities were determined in chloroplast extracts of tobacco single Me2 overexpressors (plants ME31/4S1, 
ME65/2S1, ME59/5/2S2, ME59/5/3S2, ME80/3/1S2 and ME80/3/3S2) and double cppc/Me2 overexpressors (see 
above). Total ME activities were determined in crude leaf extracts of all investigated plants. Wild-type plants 
served as negative controls. ME (Cr) and ME (Ch) represent the ME activities in crude leaf extracts and 
chloroplast extracts, respectively. The data represent the mean ± SD of three replicates. 
 
The determination results for single ME overexpressors revealed that there was a direct 
correlation (r2 = 0.74; P < 0.01) between their total and stromal ME activities (Fig. 21), 
suggesting that in these plants the increases in stromal ME activity could be reflected in the 
increases in total ME activity in a dose-dependent manner. For double PCC/ME 
overexpressors, the above correlation was also apparent with the same tendency (Fig. 21). 
This means that in these plants total ME activity was increased to such extents that solely 
reflected the elevation in stromal ME activity. There was no additional increase in total ME 
activity which might be attributed to the effect of increased PC activity. It seems likely that 
this effect was attenuated by the increase in stromal ME activity. 
 
 
4.5.2 Effects of increased PC activities on the leaf content of malate 
 
Increases in PC activity had been observed in leaves of single PC and double PCC/ME 
overexpressors (4.3.2.1, 4.3.2.5 and 4.4.1). Such increases might alter the levels of malate 
through OAA by endogenous chloroplastic NADP-MDH and/or cytosolic NAD-MDH, 
depending on individual compartments in which OAA, formed via PC, is converted to malate. 
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If malate is not further metabolized, which might be the case in single PC overexpressors, it 
should accumulate to a larger extent than it does in wild-type plants. On the other hand, the 
accumulation of malate might be reduced by an additional elevation in stromal ME activity 
due the overexpression of Me2 gene. In order to determine whether this was the case for 
transgenic tobacco plants, malate contents were measured in 26 plants singly overexpressing 
cppc, StppcS9D-C4 or Stppc-C4, and 12 plants doubly overexpressing cppc and Me2. The PC 
activities among these single and double transgenic plants widely ranged between 1.4- to 3.8-
fold, and 1.3- to 3.8- fold versus wild type, respectively. These plants were grown in a 
chamber with 16/8 h light/dark regime. Leaf samples were taken from them at the end of a 
light period, and used for the determination of L-malate contents (3.4.7.1). In addition, the 
protein amounts of foreign ME were also immunologically analysed for double PCC/ME 
overexpressors, which revealed that all these plants had comparable amounts of foreign ME 
(data not shown). Figure 22 shows a plot of malate contents versus PC activities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22 Correlation between PC activities and malate contents in leaves of tobacco single PC 
and double PCC/ME overexpressors 
 
Malate contents were measured at the end of light period (16 h) in crude leaf extracts of tobacco plants singly 
overexpressing cppc (open cycles), StppcS9D-C4 (closed black cycles), Stppc-C4 (closed grey circles) (A), or doubly 
overexpressing cppc/Me2 (B). Wild-type plants and the plant 74/1 (see 4.2.2.2) served as negative controls (open 
and closed triangles). The vertical and horizontal error bars represent the mean ± SD (n = 3) of the determinations 
of PC activity and of malate content in individual plants, respectively. Linear regression analysis revealed a 
correlation between PC activities and malate contents with significance levels of P<0.01 for both single cppc and 
StppcS9D-C4 overexpressors. For double cppc/Me2 overexpressors the significance level was P>0.1, indicating that 
no linear correlation occurs. 
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In leaves of single PC overexpressors, the contents of L-malate assayed at the end of a light 
period correlated positively with PC activities, independent of sources and modifications of 
ppc genes that had been employed in the transformation of these plants. Fig. 22A shows two 
malate content/PC activity dependency lines for PCC and PCSD overexpressors, respectively. 
The malate content increased by 4.6-fold from 8.8 µmol/g fw in control plants to 40.7 µmol/g 
fw in the PCC overexpressor that had a 4-fold increased PC activity (thin line in Fig. 22A). 
PCSD overexpressors exhibited a comparable trend (thick line in Fig. 22A). Although no 
correlation analysis can be made for the PCSF overexpressors since only two plants were 
available for this investigation, their values are also in keeping with the above trends (grey 
cycles in Fig. 22A). In contrast, no such correlation was observed for the double PCC/ME 
overexpressors. In fact, some of them with high PC activities even displayed lower malate 
contents than control plants (Fig. 22B). The control plants always exhibited low PC activities 
as well as low contents of malate. 
 
 
4.5.3 Effects of increased PC activities on the leaf content of UV protectants 
(flavonoids) 
 
Elevated PC activities resulting from the overexpression of ppc genes could induce the 
increases in endogenous cytosolic ME activity (4.5.1). Cytosolic ME is suggested to be 
involved in biosynthesis of lignin and UV-absorbing compounds, probably by providing the 
redox equivalent NADPH (Shaaf et al., 1995; Pinto, 1999). Direct linear correlation between 
cytosolic ME activities and flavonoid contents has been observed in bean leaves exposed to 
UV-B radiation (Pinto et al., 1999). 
In order to address the question of whether an increase in cytosolic ME activity in tobacco PC 
overexpressors could also be accompanied by an increase in the content of UV protectants 
(flavonoids), measurements of flavonoid contents (3.4.7.2) were performed for all the PCC, 
PCSD and PCSF overexpressors which had been determined for their cytosolic ME activities 
(4.5.1). In addition, one single ME overexpressor and two double PCC/ME overexpressors 
were also analyzed. The PC activities in these double transgenic plants corresponded 
respectively to those in two single PCC overexpressors, showing the highest PC activities. 
The determination results are shown in Fig. 23, in which independent plants of each group are 
arranged in the order of increasing PC activities from left to right. 
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Fig. 23 Relative contents of UV protectants (flavonoids) in leaves of single PCC, PCSD, PCSF 
and ME overexpressors and double PCC/ME overexpressors 
 
Relative contents of flavonoids were measured in tobacco plants singly overexpressing cppc (plants 
PCC120/5/3S2, PCC 197’/4/2S2, PCC273/2/2S2, PCC273/2/3S2 and PCC197’/4/3S2), StppcS9D-C4 (plants 
PCSD10/2S1, PCSD10/3S1, PCSD10/1S1 and PCSD10/4S1), Stppc-C4 (plant PCSF37/5S1) and cppc/Me2 (plant 
ME59/5/3S2), or doubly overexpressing cppc/Me2 (plants PCC/ME158/4/5S2 and PCC/ME10/2F1). The data 
represent the mean ± SD of three replicates. For individual cppc, Me2, and cppc/Me2 overexpressor groups, the 
plants are displayed in the order of PC activities. 
 
Unlike the case described in the above-mentioned literatures, no increase in flavonoids 
content was observed for single ppc overexpressors (Fig. 23), which had increased cytosolic 
ME activities ranging between 1.1- to 4.2-fold versus wild type (see Fig. 20). On the contrary, 
their flavonoids contents declined with increasing PC activities (P < 0.02). For single PCC, 
PCSD and PCSF overexpressors, this decline was up to 57%, 59% and 27%, respectively. The 
lowest flavonoids contents were observed for plants with highest PC activities (plants 
PCSD10/1S1 and PCSD10/4S1). The flavonoids content remained unchanged in the single ME 
overexpressor, but decreased in double PCC/ME overexpressors in a manner similar to that for 
single PC overexpressors (Fig. 23). 
 
4.5.4 Effects of elevated activities of “C4-cycle” enzymes on apparent CO2 assimilation 
rate (A) and/or electron requirement for apparent CO2 assimilation rate (e/A ratio) 
 
Rubisco simultaneously catalyses two different reactions, carboxylation and oxygenation of 
ribulose-1,5-P2, which results in photosynthetic CO2 uptake and photorespiratory CO2 release, 
respectively (1.1). The net rate of CO2 assimilation (A) in a leaf, therefore, depends on the 
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rates of these two reactions, which are determined by the concentrations of CO2 and O2, and 
by the CO2/O2 specificity of Rubisco (Brooks and Farquhar, 1985). The electron requirement 
for apparent CO2 assimilation (e/A ratio) is correlated with changes in CO2/O2 concentration 
ratio in the vicinity of Rubisco, and thus with the magnitude of photorespiration. The e/A ratio 
is increased when photorespiration is increased relative to CO2 assimilation and vice versa 
(Häusler et al., 1999). Variations in environmental conditions, e.g. temperature, intercellular 
CO2 concentration, light intensity, etc., cause changes in photorespiration rate and thus also in 
the e/A ratio. For C3 plants, high O2 concentrations and high temperatures cause increases in 
photorespiratory CO2 evolution (1.1) and thus in an inhibition of A as well as an enhancement 
of e/A ratio (Brooks and Farquhar, 1985; Häusler et al., 2001). Moreover, decreases in 
intercellular CO2 concentration (Ci), which can lead to elevated photorespiration rate, will 
increase the e/A ratio due to higher loss of CO2 per electron transported via photorespiration 
and to the additional requirement of electrons for recycling carbon back into the Calvin cycle 
(Von Caemmerer and Farquhar, 1981). In contrast to their C3 counterparts, C4 plants have 
very low photorespiration rates, which results in their extremely low CO2 compensation 
points and much lowered increases in e/A ratio with increasing Ci. C4 plants are little affected 
by increasing O2 concentrations and temperatures with respect to the A value and e/A ratio 
(1.2). It might be expected that in transgenic C3 plants conducting C4-like CO2 assimilation 
the above-mentioned photosynthesis parameters are shifted, at least partially, to the C4 
pattern. 
In the present study, photosynthesis parameters were determined in transgenic tobacco plants 
that singly, doubly or multiply overexpressed “C4-cycle” genes. As time for availability of 
various groups of transgenic plants was depending on the study process including several 
rounds of crossing, three successive series of assays were performed with various methods 
regarding the parameters measured. The results are described in the following subsections, 
respectively. Measurements of photosynthesis were performed under guidance of Rainer 
Häusler at the Botanisches Institut der Universität zu Köln, Germany. 
 
4.5.4.1 Oxygen- and temperature -dependent inhibition of apparent CO2 assimilation 
rate (A) as well as enhancement of electron requirement for apparent CO2 assimilation 
(e/A ratio) in single and double transgenic tobacco plants 
 
The impacts of oxygen and temperature on photosynthesis with respect to apparent CO2 
assimilation rate (A) and electron requirement for apparent CO2 assimilation (e/A ratio) were 
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determined in the transgenic tobacco plants that overexpressed cppc, pckA, cppc/Me2 and 
cppc/pckA, respectively (Tab. 19 and Fig. 24). These plants were also investigated for the 
changes in their activities of endogenous enzymes (see 4.5.1). In theory (see above), the 
transgenic plants with lowered photorespiration rates should have attenuated O2 inhibition of 
A as well as O2 enhancement of e/A at 25°C and, particularly, at 35°C, when compared with 
wild-type plants. They should also exhibit less inhibition of A as well as less enhancement of 
e/A with increasing temperature in 2% O2 and, particularly, in 21% O2. 
 
 
Tab. 19 Effects of varying O2 concentrations (2% and 21%) on CO2 assimilation (A) and on 
the electron requirement for CO2 assimilation (e/A) in wild-type tobacco and tobacco PCC, CK, 
PCC/ME and PCC/CK overexpressors 
 
CO2 assimilation (A) and photosynthetic electron transport were determined at a PFD of between 490 and 510 
µmol m-2 s-1, in an atmosphere containing either 21% O2 (photorespiratory [pr] conditions) or 2% O2 (non-
photorespiratory [npr] conditions). The Ci was adjusted in a range between 190 and 210 µl l -1 by diminishing the 
external CO2 concentration (1450 µl l-1) using a CO2 diluter. The percentage O2 inhibition of A and the O2-
dependent enhancement of e/A ratio was calculated from (Anpr–Apr)/Anpr´100 and (e/Apr–e/Anpr)/e/Apr´100. The 
data sets were tested for significant differences between “C4-cycle” enzyme(s) overexpressors and the 
corresponding wild-type plants using the Welch method (see Methods). 
 
O2 inhibition of A (%) O2 enhancement of e/A ratio (%) 
Biotype 
25°C 35°C 25°C 35°C 
Wild type (n = 4) 39.9 ± 1.0 51.2 ± 5.1 40.5 ± 0.5 53.1 ± 4.2 
PCC overexpressors (n = 2) 23.9 ± 8.9 e 37.4 ± 14 e 26.9 ± 9.6 e 38.1 ± 18 
CK overexpressors (n = 3) 41.3 ± 2.9 49.1 ± 1.0 42.0 ± 0.2 53.3 ± 6.5 
PCC/ME overexpressors (n = 5) 35.0 ± 4.3 e 46.6 ± 4.4 40.3 ± 1.8 51.0 ± 3.9 
PCC/CK overexpressors (n = 4) 28.0 ± 9.5 e 45.3 ± 10.5 38.2 ± 7.1 50.7 ± 7.1 
 
The calculated P-values are labeled by letters: a: P<0.001; b: P<0.01; c: P<0.02; d: P<0.05; e: P<0.1. 
 
The determinations of O2 effects on photosynthesis in PCC overexpressors showed that there 
was significantly attenuated O2 inhibition of A as well as O2 enhancement of e/A  ratio at 25°C 
and/or at 35°C. Double PCC/ME and PCC/CK overexpressors exhibited declines in the O2 
inhibition of A only at 25°C, although they did not show any changes in O2 enhancement of 
e/A ratio. No effects on both parameters were observed in single CK overexpressors (Tab. 
19). 
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Fig. 24   Temperature 
dependency of A (A) and 
e/A ratio (B) in wild-type 
tobacco as well as tobacco 
PCC, CK, PCC/ME and 
PCC/CK overexpressors 
measured in 21% O2 (black 
bars) and 2% O2 (grey bars) 
 
Care was taken that the Ci during 
the measurements remained 
constant at 200 ± 10 µl l-1 and the 
PFD ranged between 490 and 
510 µmol m -2 s -1. The differences 
in A and e/A ratio between 35°C 
and 25°C were calculated as 
changes per degree (°C). A 
negative change indicates a 
decline in the measured 
parameters whereas a positive 
change indicates an increase in 
the parameters with increasing 
temperature. The data represent 
the mean ± SD where n 
represents the number of 
samples taken from different 
plants of the individual biotypes. 
The data sets were tested for 
significant differences between 
“C4-cycle” enzyme(s) 
overexpressors and wild-type 
plants using the Welch method 
(see Methods). The calculated P-
values are shown in parenthesis: 
a: P<0.001; b: P<0.01; c: P<0.02; 
d: P<0.05; e: P<0.1. 
 
 
When the temperature was increased from 25°C to 35°C under photorespiratory conditions 
(21% O2), A was decreased in wild type and in the PCC and PCC/ME overexpressors (i.e. the 
slopes (A35-A25)/10 were negative). However, no change was observed in CK and PCC/CK 
overexpressors (i.e. the slopes were close to zero). Under non-photorespiratory conditions 
(2% O2), all transgenic plants showed increases in A as wild type (i.e. the slopes were 
positive) (Fig. 24A). As to the e/A ratio, in 21% O2, its increase with increasing temperature 
was attenuated only in double PCC/CK overexpressors. In 2% O2, the e/A ratio remained 
unchanged in wild type with increasing temperature, but was lowered in CK, PCC/CK and 
PCC/ME overexpressors (Fig. 24B). 
In summary, changes in O2- and/or temperature-dependent inhibition of A and/or 
enhancement of e/A were observed for the investigated transgenic tobacco plants, although 
there were still some discrepancies for individual plants between their respective responses to 
effects caused by O2 and temperature. 
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4.5.4.2 Apparent CO2 compensation point (G) and electron requirement for apparent 
CO2 assimilation (e/A ratio) in multiple transgenic tobacco plants 
 
The apparent CO2 compensation point (G) is defined as the intercellular CO2 concentration at 
which no net assimilation occurs. It is also expressed as the CO2 compensation point in the 
presence of dark respiration in the light (Farquhar et al., 1980). In the absence of dark 
respiration in the light, CO2 compensation point (G*) represents the intercellular CO2 
concentration, at which the rate of photosynthetic CO2 uptake equals the rate of 
photorespiratory CO2 evolution (Brooks and Farquhar, 1985). Although G* serves as an 
indicator of the ratio of carboxylation to oxygenation reactions of Rubisco more accurately 
(Brooks and Farquhar, 1985), G can preliminarily reflect the magnitude of photorespiration, in 
particularly, when the results of this measurement are analysed in combination with other 
assays. 
In the present study, G and the e/A ratio in response to changes in Ci were investigated in 
multiple transgenic tobacco plants that overexpressed cppc/StppcS9D-C4/Me2/ppsA (two 
cuttings of the plant L1, designated L1(1) and L1(2)), cppc/(StppcS9D-C4)/Me2/pdk (plant L2) 
and cppc/(StppcS9D-C4)/Me2/pdk/pckA (plant L5), respectively (4.4.4). Two wild-type plants 
were used as controls. Apparent CO2 assimilation rate (A) and photosynthetic electron 
transport (e) were determined at the Ci ranging between 50 and 230 µl·l-1. To estimate G, A is 
plotted versus Ci and their interception point on the Ci-axis represents G (Fig. 25A). To 
explore whether transgenic tobacco plants had a response of the electron requirement for CO2 
assimilation to varying intercellular CO2 concentrations in a manner other than wild type, 
their e/A ratios were plotted versus Ci values (Fig. 25B). 
 
The estimated values of G for two wild-type plants were 115µl·l-1 (Fig. 25A) and 80 µl·l-1 
(data not shown), respectively. The transgenic plant L1(2) had a much lower G  being 65 µl·l-1 
(Fig. 25A). This result might point to an inhibition of photorespiration in this plant. A 
decrease in G to 67 µl·l-1 was also observed for the transgenic plant L5 (data not shown). 
It was observed that for both wild type and transgenic plants the e/A ratio increased with 
decreasing Ci. However, such increase was less marked in transgenic plant L1(2) than in wild 
type (Fig. 25B). This result indicates that in plant L1(2) the electron requirement for apparent 
CO2 assimilation was less influenced by decreases in intercellular CO2 concentration. 
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Fig. 25 Comparison of estimated G  as well as changes in e/A ratio with varying Ci between 
transgenic tobacco plant and wild-type plant 
 
One 6-week-old cutting of a tobacco plant overexpressing cppc/StppcS9D-C4/Me2/ppsA [plant L1(2), cycle] and a 
tobacco wild-type plant (square) were investigated for the response of their apparent CO2 assimilation rate (A) 
and electron requirement for apparent CO2 assimilation rate (e/A ratio) to varying intercellular CO2 concentrations 
(Ci) at a PFD of 650 µmol·m-2·s -1 and at 25°C in ambient air. Plots of A against Ci (A) as well as e/A against Ci 
corrected for dark respiration (B) are depicted. The data represent the means of three sets of experiments. The 
arrows indicate apparent CO2 compensation points (G) for individual plants. 
 
Apart from the above results, the ratio of the quantum efficiency of electron flux through 
photosystem II (FPSII) to the quantum efficiency of CO2 assimilation (FCO2) was 
investigated for all plants. The results revealed the plant L1(2) required less electron for CO2 
assimilation over the whole range of Ci. Another transgenic plant L1(1) showed a similar, 
although less significant trend. 
 
Neither of these changes was observed for the transgenic plant L2. It must be noted that plants 
L2 and L5 were continuously grown in the greenhouse, whereas wild-type plants, as well as 
other transgenic plants, had previously been grown in a chamber and were transferred to the 
greenhouse just two days prior to measurements. It is, therefore, difficult to compare the 
results for plants L2 and L5 with those for other plants. In addition, reasons resulting in 
differential values of photosynthetic parameters between two cuttings of L1 plant remain to 
be elucidated. 
 
Since the determination results for the transgenic plant L1(2) implied that some changes in 
photorespiration might have occurred in it, this plant was chosen as one of the candidates for 
crossing with PT overexpressors to complete a C4-like pathway (see 4.4.5). 
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4.5.4.3 Electron requirement for apparent CO2 assimilation (e/A ratio) in transgenic 
plants with various C4-like CO2 assimilation pathways 
 
At the end of four rounds of crossing, a number of transgenic tobacco plants with various C4-
like pathways were obtained (4.4). As described above, the e/A ratio should decline or rise 
when photorespiration is decreased or increased relative to CO2 assimilation. Therefore, in 
order to explore whether increased activities of “C4-cycle” enzymes caused some changes in 
photorespiration, these plants were screened by measuriements of their e/A ratios. If inhibition 
of photorespiration occurred in some of them, they should have lower e/A ratios as compared 
with wild type. 
 
Three independent experiments were performed using 26 transgenic tobacco plants (listed 
below) and 4 wild-type plants. The transgenic plants represented a variety of genotypes 
regarding “C4-cycle” genes with various activities of individual enzymes encoded by these 
genes. Some of these plants showed higher growth rates. A as well as photosynthetic electron 
transport were determined at a PFD of 480 µmol·m-2·s-1 and at 25-35°C. 
 
Since the environmental conditions e.g. Ci and temperature were varying during the 
measurements, the e/A  ratios of transgenic plants and of wild type could not be directly 
compared. It has been well documented that the e/A ratio is largely dependent on Ci and on 
the temperature in ambient air (Farquhar et al., 1980). With the aid of a biochemical model of 
photosynthetic CO2 assimilation in leaves of C3 species described by Farquhar et al. (1980), 
the e/A ratios measured for each plant at various environmental conditions are compared with 
the e/A ratios calculated for wild-type tobacco at corresponding conditions (Häusler, personal 
communication). The calculated values for wild type are divided by the measured data for 
each plant at corresponding conditions. For a transgenic tobacco plant, a quotient larger than 1 
(must be at least 1.2) indicates a decline in electron requirement for CO2 assimilation, and 
thus suggests a decrease in photorespiration as compared with wild-type tobacco. On the 
contrary, a quotient that is close to or smaller than 1 suggests unchanged or increased 
photorespiration. 
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 “C4-cycle” enzymes Expected type(s) 
Plant overexpressed in plant  of C4-like pathway Remarks 
 
JL97 PCC/CK/PT PCK-type see Tab. 16 
JL37 PCC/ME/CK/PT PCK-type see Tab. 16 
JL5, 27, PCC/ME/PS/PT NADP-ME-type  
33 and 86 
 
JL66, 98  PCC/(PCSD)/ME/DK/PT NADP-ME-type see Tab. 16 
and 128 
JL16 and 42 PCC/ME/DK/PS/PT NADP-ME-type see Tab. 16 
JL161 PCC/ME/PS/CK/PT Both types in a see Tab. 16 
 combination 
JL95, 102 PCC/ME/DK/CK/PT Both types in a see Tab. 16 
and 118  combination 
JL18 and 69 PCC/ME/DK/PS/CK/PT Both types in a see Tab. 16; JL18 had higher 
 combination growth rate 
JL143 PCC/ME (incomplete cycle) had higher growth rate 
JL20 PCC/ME/PT (incomplete cycle) had higher growth rate 
L3 PCC/ME/DK  (incomplete cycle) see Fig. 17 
L7 PCC/ME/DK/PS/CK (incomplete cycle) see Fig. 17 
 
JL51, 114, (not determined) (not determined)  
131, 173   
and 178  
 
 
 
The results analysed in this way show that there was no change in photorespiration for most 
of the investigated transgenic plants with one exception, plants JL18. In one set of 
measurements, this plant repeatedly showed decreased photorespiration, as judged from the 
resulting comparison quotients of 1.6 to 3.3. The simultaneously investigated wild type had 
quotients of only 0.7-1.1. On another day, however, plant JL18 did not show any effect, 
whereas one of the wild-type plants showed a comparison ratio of 1.4. 
 
During the measurements, it was observed that the CO2 assimilation rates for some of the 
investigated transgenic plants did not approach a steady state. Sometimes it rose to 9-10 
see Tab. 16; JL27 and 86 were two 
progenies from the cross between 
PT overexpressors and the plant 
L1(2) (see 4.5.4.2). 
had higher growth rates; PC activities 
were only moderately increased (1.1- 
to 1.5-fold versus wild type); JL51 
and 131 had the same crossing parents 
as JL128; JL114 had the same 
crossing parents as JL16; JL173 and 
178 were progenies of the cross 
between PT10S2 and (J6´J15/10). 
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µmol·m-2·s-1 and after a while fell to 5-8 µmol·m-2·s-1. This might imply a temporal C4-like 
effect on CO2 assimilation resulting from the functions of “C4-cycle” enzymes. 
 
 
4.6 Growth and formation of reproductive organs of transgenic tobacco plants 
 
C4 plants are superior to C3 plants in apparent photosynthetic rates due to diminished 
photorespiration (1.3). Therefore, they have higher rates of dry matter production as well as 
higher growth rates relative to C3 plants, in particular, under conditions of high temperatures 
and aridity (Woolhouse, 1980). It might be possible that the overexpression of “C4-cycle” 
genes could result in some changes in plant growth and biomass production. In order to verify 
this assumption, investigations on growth were undertaken for various “C4-cycle” genes 
overexpressors either in ambient air conditions (4.6.1-4.6.3), or under conditions with lowered 
CO2 concentrations (4.6.4). For plants grown in ambient air conditions, the following growth 
parameters were determined: average growth rate (i.e. increase in height per day), leaf 
number, length and width of the number-given leaf, stalk diameter, and fresh weight of 
above-ground plant part. In addition, formation of reproductive organs was also observed. 
 
 
4.6.1 Growth of single PCC or PCSD and double PCC/ME overexpressors  
 
Two sets of experiments were performed to investigate the growth of a series of single PCC or 
PCSD overexpressors as well as of double PCC/ME overexpressors. 
In the first set of experiments, seeds of the self- fertilized plants overexpressing cppc (plants 
PCC120/5/3S2, PCC197 /´4/2S2, PCC273/2/2S2 and PCC273/2/3S2), or StppcS9D-C4 (plants 
PCSD10/1, PCSD10/2, PCSD10/3 and PCSD10/4) were germinated on soil. After 4 weeks, 11 
progenies of PCC overexpressors and 10 of PCSD overexpressors were transferred to separate 
pots and used for the investigation. Three wild-type plants that had germinated 
simultaneously were used as controls. The conditions for growing plants were as described in 
section 3.3.3. Compared with wild type, the progenies of PCC and PCSD overexpressors had 
1.7- to 3.0-fold and 1.5- to 3.2-fold increased PC activities. Heights of plants were measured 
on day 18, 26, and 32 after their transfer, respectively. Leaf numbers, leaf lengths and widths, 
and stalk stems were measured on the 42nd day after the transfer. The formation of 
reproductive organs was observed during the entire experimental period. Fresh weights of 
plant were measured on the 81st day after their transfer, just prior to the end of the 
experiments. 
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Likewise, in another set of experiments, 5 progenies per double cppc/Me2 overexpressors 
(plants PCC/ME10/2F1 and PCC/ME158/4S1) were grown from seeds. Seedlings were 
transferred to individual pots after 7 weeks. The progenies with 2.0 to 2.5-fold increased PC 
activities and higher foreign ME protein amounts were used for the investigation. Three wild-
type seedlings were used as negative controls. After the transfer of seedlings to separate pots, 
their heights were measured on day 7, 13 and 23, their leaf and stalk parameters were 
determined on the 23rd day, their formation of reproductive organs was observed till the 55th 
day, and their fresh weights were measured on day 71. 
 
The results showed that there was no significant difference between transgenic plants and 
wild type in leaf number, leaf length and width, nor in stalk diameter (data not shown). 
However, some changes in the growth rate, fresh weight and/or formation of reproductive 
organs were observed (Fig. 26). In the figure, data of the individual parameters for those 
plants that had the same relative PC activities were grouped together. For individual 
transgenic plants, the determination results of average growth rates as well as fresh weights 
(upper panels in Fig. 26) are represented as percentages of wild type values. In two sets of 
experiments, wild-type plants showed growth rates of 1.4 ± 0.2 and 0.6 ± 0.1 cm/day, and 
fresh weights of 178 ± 40.9 and 97 ± 10.2 g, respectively. For single ppc overexpressors, the 
portions of plants in each group that had formed flowers and/or fruits on the 42nd day after 
their transfer are shown in Fig. 26A-B (lower panels). Day 42 was chosen since the most 
significant differences between plant groups were observed on this day. For double cppc/Me2 
overexpressors, the increases in the portion of plants with reproductive organs during a time 
period between the 36th to 55th day after the transfer are presented (lower panel in Fig. 26C). 
 
When entire ranges of PC activity are considered, neither single cppc nor Stppc(S9D)-C4 nor 
double cppc/Me2 overexpressors exhibited any correlation (P > 0.1) between the growth rates 
and PC activities (grey bars in Fig. 26A-C). There was a small increase in fresh weight with 
increasing PC activity (P < 0.1) among single Stppc(S9D)-C4 overexpressors. No significant 
change in fresh weight was observed for other transgenic plants (black bars in Fig. 26A-C). A 
more detailed analysis reveals that linear correlations between PC activities and growth rates 
(P < 0.01) or fresh weights (P < 0.1) existed among cppc overexpressors that had relative PC 
activities up to 2.2. When the PC activity was further increased, such correlations were absent 
(Fig. 26A). 
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Fig. 26 Comparisons of the growth rates, fresh weights and formation of reproductive organs 
between single ppc as well as double cppc/Me2 overexpressors and wild-type plants 
 
Seeds of self-fertilized single ppc and double cppc/Me2 overexpressors were germinated on soil and their 
seedlings were transferred to individual pots after 4 and 7 weeks, respectively. The conditions for growing plants 
were as described in the section 3.4.16. The plants overexpressing cppc (A), StppcS9D-C4 (B), or cppc/Me2 (C) 
with higher PC activities were determined for their average growth rates (Grey bars in the upper panel), fresh 
weights (Black bars in the upper panel) and formation of reproductive organs (Lower panel). Data for plants 
having same PC relative activities are grouped. For the former two parameters, the data for individual groups of 
plants are represented as the percentages of that for wild type. For the last parameter, the portions of plants in 
individual groups that had flowers and/or fruits at the observation time are presented. Where indicated the data 
represent the mean ± SD of measurements for individual plants in their group (the number of plants in the group 
is shown on the corresponding bar).  
 
Some single cppc overexpressors formed flowers and/or fruits (capsules) earlier than wild 
type, although this was not directly correlated with PC activities. On the 42nd day after their 
transfer, when neither of the three wild-type plants had formed reproductive organs, all plants 
having relative PC activities of 1.9, 2.2 and 3.0 already flowered, and one plant with relative 
PC activity of 2.1 formed even fruits (Fig. 26A). Similar results were obtained also for single 
StppcS9D-C4 overexpressors (Fig. 26B). During the entire observation period, all double 
cppc/Me2 overexpressors showed earlier formation of reproductive organs. For example, 
flowers were observed on one of two (50%) plants with relative PC activities of 2.2, and both 
of them (100%) on day 36 and 44 after their transfer, respectively. On the 55th day, both of 
them (100%) already had fruits. In contrast, wild-type plants flowered first on the 55th day 
after their transfer (Fig. 26C) 
 
 
4.6.2 Growth of transgenic tobacco plants overexpressing “C4-cylce” genes in different 
combinations  
 
As stated before, a number of transgenic tobacco plants with various genotypes regarding 
“C4-cycle” genes were available after transformations and crosses. Some of them that showed 
highest activities and/or foreign protein amounts of “C4-cycle” enzymes had been analyzed 
for photosynthesis parameters (4.5.4.3). Several remaining plants (listed in Tab. 20) were 
investigated for their growth rates as well as formation of reproductive organs. 
 
Seeds from crossed transgenic plants and from the wild type were germinated and grown 
under the conditions as described in section 3.3.3. After 5 weeks, seedlings were transferred 
to individual pots. Their heights were measured after days 7, 73, 85 and 98 (Tab. 20). Their 
formation of buds, flowers and fruits were observed between days 73 and 98 (Fig. 27). 
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Tab. 20 Height comparison between transgenic tobacco plants overexpressi ng “C4-cycle” 
genes in different combinations and wild-type plants 
 
Plant height (cm)a Group 
number Plant 
“C4-cycle” enzymes 
overexpressed 
in plants 7 day 73 day 85 day 98 day 
1 Wild type - 3.0 ± 0.7 27.5 ± 6.4 71.0 ± 2.8 78.5 ± 6.4 
2 JL87 and 88 PCC/ME/PS/PT 4.3 ± 0.4 64.9 ± 8.6 92.0 ± 9.9 92.0 ± 9.9 
3 JL113, 125 and 127 PCC/ME/DK/PT 3.2 ± 0.3 47.8 ± 9.6 71.3 ± 8.5 73.0 ± 7.0 
4 JL120 and 158 PCC/ME/DK/CK/PT 3.3 ± 1.8 51.3 ± 42.1 65.5 ± 21.9 86.0 ± 7.1 
5 JL147 and 153 PCC/PCSD/ME/CK/PT 4.0 ± 0.7 51.5 ± 24.8 72.5 ± 5.0 78.5 ± 13.4 
6 JL148 PCC/ME/PT 3.5 48.0 79.5 79.5 
7 JL155 PCC/ME/CK 2.0 22.5 54.5 84.0 
8 JL156 PCC/CK 1.5 7.5 27.5 70.0 
 
a Where indicated the data represent the mean ± SD of measurements for the plants in individual groups. 
The conditions for growing plants were as described in the section 3.4.16. 
 
During the time period between days 7 to 73 after their transfer, transgenic plants of groups 
No. 2-6 had 1.8 to 2.5-fold higher growth rates than wild type. In contrast, the growth rates of 
plants of groups No. 7 and 8 were decreased by 16% and 76% as compared with wild type. 
During the period between the 73rd to 85th days, all groups of transgenic plants exhibited 
lowered (by 25% to 67%) growth rates than wild-type plants. In the last period, the plants of 
groups No. 4, 7 and, in particular, 8 showed higher (2.7 to 5.5-fold) growth rates than the wild 
type. All other groups exhibited lower growth rates than the wild type (Tab. 20). 
 
Fig. 27 shows that on the 73rd day, buds and/or flowers were observed on nearly all the 
groups that showed higher growth rates in the first time period (see Tab. 20) with the 
exception of group No. 6. In group No. 2, which had shown the highest growth rates during 
this period, 50% of the plants formed buds and the other 50% already flowered. On day 85, 
fruits were already observed on 50% of the plants of group No. 4. The plants of group No. 6 
formed flowers. Buds were observed on the wild type and the plant of group No. 7. There 
were still no reproductive organs on the plants of group No. 8, which had the lowest growth 
rates during the first and second time periods (see Tab. 20). On day 98, the plants of group 
No. 8 that had showed the highest growth rates during the last time period (see Tab. 20) had 
flowers. At that time fruits were observed on most plants of the other groups. In conclusion, 
general correlations were apparent between earlier formation of reproductive organs and 
higher growth rates prior to their formation, as well as lower growth rates after the ir 
formation. 
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Fig. 27 Comparison of formation of reproductive organs between transgenic tobacco plants 
overexpressing “C 4-cycle” genes in different combinations and wild-type plants 
 
The formation of reproductive organs was observed over the period of 73 to 98 days after their transfer to 
separate pots. The portions of plants in individual groups (see Tab. 20) that formed buds, flowers and/or fruits 
over this period are presented. The numbers of plants in individual groups are shown on corresponding bars.  
 
 
4.6.3 Growth of the progenies of transgenic tobacco plants from various crosses 
 
It has been described in section 4.6.2 that several transgenic tobacco plants with known 
genotypes showed improved growth rates and earlier formation of reproductive organs. In 
order to obtain statistically useable data about the effects of “C4-cycle” enzymes in various 
combinations, 534 progenies of transgenic tobacco plants from 21 different crosses between 
multiple “C4-cycle” genes overexpressors (F3 plants) and ppt overexpressors (see Tab. 16) 
were investigated for their growth parameters. 56 wild-type seedlings were used as controls. 
Comparisons of determination results were made not only between transgenic tobacco plants 
and wild-type plants, but also between the transgenic plants overexpressing “C4-cycle” genes 
in different combinations. The genotypes of the plants investigated here should eventually be 
determined, since independent progenies, even from the same cross, could have various 
genotypes due to Mendelian segregations. During the course of the present dissertation, 
however, this work could not be performed. At this stage, only the genotypes of those 
progenies that inherited all available “C4-cycle” genes from both of their parents (designated 
as maximum available “C4-cycle” genes) can be deduced from the genotypes of their parents. 
0%
20%
40%
60%
80%
100%
Buds Flowers Fruits
             73 d                                         85 d                                       98 d  
W
ild
 ty
pe
 
P
C
C
/M
E
/P
S
/P
T
 
P
C
C
/M
E
/D
K
/P
T
 
P
C
C
/M
E
/D
K
/C
K
/P
T
 
P
C
C
/P
C
S
D/
M
E
/C
K
/P
T
 
P
C
C
/M
E
/P
T
 
P
C
C
/M
E
/C
K
 
P
C
C
/C
K
 
W
ild
 ty
pe
 
P
C
C
/M
E
/P
S
/P
T
 
P
C
C
/M
E
/D
K
/P
T 
P
C
C
/M
E
/D
K
/C
K
/P
T
 
P
C
C
/P
C
S
D/
M
E
/C
K
/P
T
 
P
C
C
/M
E
/P
T
 
P
C
C
/M
E
/C
K
 
P
C
C
/C
K
 
W
ild
 ty
pe
 
P
C
C
/M
E
/P
S
/P
T
 
P
C
C
/M
E
/D
K
/P
T
 
P
C
C
/M
E
/D
K
/C
K
/P
T
 
P
C
C
/P
C
S
D/
M
E
/C
K
/P
T
 
P
C
C
/M
E
/P
T
 
P
C
C
/M
E
/C
K
 
P
C
C
/C
K
 
 2    2    3     2    2     1    1     1 
 147  
Thus, the experiment was planed on the basis of these informations. In should be noted that 
ppt gene might be present in all progenies since the ppt overexpressors used for crosses 
seemed to be homozygotes (see 4.3.1). 
The maximum available “C4-cycle” genes varies among individual groups of seeds, and thus 
among the progenies from these seed groups, in number (from four to six) and/or combination 
of “C4-cycle” genes (Tab. 21). The portion of progenies from individual seed groups that 
carries the maximum available “C4-cycle” genes, therefore, can differ from each other: the 
greater the number of these genes the smaller this portion will be. Moreover, during previous 
screening of progenies from these seed groups (4.4.5) different “C4-cycle” enzymes had been 
detected in various portions of the progenies. To obtain a similar portion of plants in each 
group with the maximum available “C4-cycle” genes, the number of plants that had to be 
grown and examined were calculated as described in section 3.4.9. For groups V and X, 
however, due to extremely low germination rates, the desired numbers of 82 plants each were 
not obtained at the beginning of the growth experiments. Instead, only 1 and 17 plants were 
grown from seeds of these groups and used for the investigation (Tab. 21). If the numbers of 
all other groups of seedlings used for the experiment were decreased correspondingly, the 
total number of plants investigated would be too low to obtain data for a reasonable statistical 
analysis. Therefore, the original plan of comparing results between groups V, X and others 
were abandoned, and more than the planed number of plants from other seed groups were 
used. In addition, plants available from seed groups E, F, G and W were also fewer than 
planed (Tab. 21).  
 
Tab. 21 Numbers of progenies of transgenic tobacco plants from various crosses used for 
measurements of growth parameters 
 
Seed group A B C K L M R S T D E F G H J N P Q V W X SR1 
25°C 26 - - 20 - 20 - 20 20 48 - 16 10 - - 33 32 35 1 - 17 22 
20°C - 28 28 - 26 - 20 - - - 4 - - 57 26 - - - - 57 - 34 
Numbers 
of plants 
measured 
Sum 78 120 261 75 56 
Maximum 
available “C4-
cycle” genes a 
PCC/(PCSD)/
ME/PS/PT PCC/(PCSD)/ME/DK/PT PCC/(PCSD)/ME/DK/CK/PT 
PCC/ME/ 
DK/PS/CK/ 
PT 
- 
Numbers of 
plants planed to 
be measured b 
41 60 152 247 - 
 
a Maximum available “C4-cycle” genes contained in individual seed groups are deduced from the genotypes of 
parent plants for the corresponding crosses. PCC, PCSD, ME, DK, PS, CK and PT represent the genes coding for 
the corresponding C4-metabolic enzymes. 
b see text for interpretation. 
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The experiment was undertaken in the greenhouse of the Max Planck Institut in Köln from 
September to December. Seeds from crosses were germinated and all the resulting plants were 
first grown in one room. After 25 days, they had to be distributed into two rooms because of 
limited space. Due to a problem of the air-condition system in one room the temperature 
could not be adjusted to the desired 25°C, instead, the maximum temperature was only 20°C 
(Tab. 21). The plant heights were measured on day 27, 39, 48 and 52 after starting seed 
germination. Leaf number, length and width of the upper 7th leaf, stalk diameter were 
measured on the 33rd day. The formation processes of flowers and fruits were observed over 
the entire period. The measurements of plant fresh weights and the determination of fruit 
ripening degrees were undertaken at the end of the experiment on the 68th day (for plants 
grown in the 25°C room) and on the 75th day (for those in the 20°C room). For each plant, 
calculations were made regarding the increases in plant height during the first, second and 
third period, and the average internode length. For each group of plants, statistic analysis was 
made including standard deviation, variation and Welch-test. The latter test was used for 
determining significant differences between two groups of plants. The significant extents of 
such differences are indicated by P-values (Lorenz, 1984). 
Most parts of the results except the increases in plant height during the second and third time 
periods are shown in Tabs. 22-25. Values of height increases during the second period had the 
same pattern as those of final plant height. During the third period, all groups of plants from 
crosses showed decreased growth rates as compared with wild type (data not shown). It is 
evident that the growth parameters of plants from different rooms with different temperatures 
must have been distinctly influenced. Therefore, comparisons were made only between 
groups of plants grown in the same room. 
 
 
Averages, standard deviations and variances of each growth parameter for the plants of 
individual seed groups are shown in Tab. 22. The results of statistically calculated P-values 
regarding the differences between the groups of crossing progenies and the group of wild-type 
plants are also presented in this table. 
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Tab. 22 Growth parameters of the progenies from various crosses of “C4-cycle” genes overexpressors and of wild-type plants*  
 
Final height 
(cm) 
Increase in height 
(27-39 d) (cm) ** 
Leaf number Average internode 
length (cm) 
Leaf length 
(cm) 
Leaf width 
(cm) 
Stalk diameter 
(cm) 
Fresh weight 
(g) Seed 
group 
C
ha
m
be
r 
te
m
pe
ra
tu
re
 
Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance Mean ± SD Variance 
SR1 25°C 86.6 ± 13.9 194.0 14.6 ± 2.8 7.8 14.4 ± 0.6 0.3 6.0 ± 1.0 1.0 32.5 ± 2.5 6.7 16.2 ± 1.4 2.0 0.89 ± 0.06 0.004 259.1 ± 24.1 581.3 
A 25°C 88.5 ± 7.8 60.4 18.6 ± 2.5  a 6.3 14.4 ± 0.8 0.6 6.2 ± 0.5 0.3 29.9 ± 2.2  c 5.0 15.9 ± 1.3 1.6 0.93 ± 0.06  d 0.004 217.5 ± 41.8  a 1749.2 
D 25°C 75.3 ± 14.1  b 198.8 12.1 ± 3.7  b 13.7 14.8 ± 0.7  c 0.5 5.1 ± 0.9  a 0.9 27.5 ± 3.1  a 9.6 14.1 ± 1.9  a 3.6 0.89 ± 0.08 0.006 260.1 ± 31.7 1006.8 
F 25°C 76.6 ± 22.9 524.9 13.8 ± 5.7 32.5 14.2 ± 0.9 0.8 5.4 ± 1.5 2.3 28.6 ± 2.8  b 8.1 14.3 ± 1.8  b 3.2 0.86 ± 0.09 0.008 231.5 ± 23.6  b 557.3 
G 25°C 94.4 ± 14.7 214.6 16.0 ± 4.4 19.4 13.6 ± 1.4  e 1.8 7.0 ± 1.1  d 1.2 32.0 ± 2.4 5.7 17.2 ± 1.3  e 1.7 0.96 ± 0.07  c 0.005 267.4 ± 14.1 200.0 
K 25°C 83.5 ± 16.1 259.2 15.6 ± 5.5 30.0 14.2 ± 0.7 0.5 5.9 ± 1.0 1.1 29.6 ± 3.3  d 10.6 15.3 ± 2.0 4.0 0.89 ± 0.08 0.006 252.6 ± 28.5 814.0 
M 25°C 86.8 ± 13.9 191.8 18.1 ± 4.0  b 15.6 14.4 ± 0.7 0.5 6.0 ± 0.8 0.7 31.1 ± 3.1 9.5 15.0 ± 1.3  b 1.6 0.88 ± 0.06 0.004 238.3 ± 29.6  c 874.4 
N 25°C 87.7 ± 15.0 225.3 17.4 ± 6.9  d 48.2 14.5 ± 0.9 0.8 6.1 ± 1.0 1.0 30.2 ± 2.3  d 5.4 15.8 ± 1.5 2.1 0.90 ± 0.05 0.003 210.4 ± 49.5  a 2451.7 
P 25°C 72.6 ± 16.5  b 271.6 14.9 ± 4.3 18.8 14.6 ± 0.8 0.6 5.0 ± 1.0  a 1.1 28.3 ± 2.7  a 7.1 14.4 ± 1.6  b 2.6 0.83 ± 0.09  b 0.007 251.4 ± 27.8 773.3 
Q 25°C 77.9 ± 11.6  d 135.0 13.9 ± 4.2 17.5 14.9 ± 0.9  d 0.7 5.3 ± 0.9  b 0.8 28.4 ± 2.3  a 5.2 14.6 ± 2.1  b 4.3 0.84 ± 0.09  d 0.008 180.5 ± 54.0  a 2910.4 
S 25°C 87.9 ± 15.0 225.3 17.4 ± 4.4  d 19.6 14.8 ± 0.6  d 0.4 5.9 ± 1.0 1.0 29.5 ± 2.9  c 8.6 14.8 ± 1.8  b 3.2 0.91 ± 0.08 0.007 272.7 ± 20.1  e 403.8 
T 25°C 88.8 ± 13.7 186.9 18.4 ± 5.7  c 32.8 14.2 ± 0.9 0.8 6.3 ± 0.9 0.9 32.2 ± 2.1 4.6 15.5 ± 1.2  e 1.5 0.87 ± 0.05 0.002 234.7 ±18.8   352.5 
X 25°C 79.4 ± 33.3 1108.9 13.9 ± 8.9 79.6 14.4 ± 1.9 3.6 5.5 ± 2.3 5.3 29.3 ± 4.5  e 20.3 15.0 ± 3.7 13.7 0.83 ± 0.12  e 0.014 253.1 ± 27.3 743.0 
SR1 20°C 64.6 ± 12.7 161.3 12.3 ± 3.3 10.9 13.0 ± 0.9 0.8 5.0 ± 1.0 0.9 31.1 ± 2.4 5.5 15.9 ± 1.7 3.0 0.90 ± 0.09 0.008 242.4 ± 37.7 1423.7 
B 20°C 69.0 ± 11.9 142.3 14.8 ± 3.1  b 9.6 13.3 ± 0.8 0.6 5.2 ± 0.9 0.8 29.6 ± 2.7  d 7.2 15.1 ± 1.7  e 2.9 0.92 ± 0.01 0.004 220.9 ± 29.9  c 892.8 
C 20°C 85.2 ± 15.7  a 247.7 19.7 ± 5.4  a 29.2 12.8 ± 0.8 0.6 6.7 ± 1.0  a 1.0 32.6 ± 2.3  c 5.1 16.4 ± 1.3 1.8 0.97 ± 0.06  a 0.004 255.9 ± 29.8 888.8 
E 20°C 53.7 ± 22.5 506.3 9.3 ± 4.1 16.8 12.5 ± 0.6 0.3 4.3 ± 2.0 3.9 29.0 ± 2.5 6.0 15.0 ± 0.0  b 0.0 0.91 ± 0.05 0.003 216.8 ± 38.6 1492.0 
H 20°C 61.8 ± 12.7 160.3 12.3 ± 3.5 12.3 13.2 ± 0.9 0.9 4.7 ± 0.9 0.8 30.9 ± 2.8 7.7 16.0 ± 1.2 1.5 0.95 ± 0.07  b 0.005 262.0 ± 22.3  c 496.9 
J 20°C 79.2 ± 14.6  a 213.2 17.0 ± 4.7  a 22.1 12.8 ± 1.0 1.1 6.4 ± 0.9  a 0.9 30.7 ± 3.1 9.8 15.9 ± 1.2 1.4 0.96 ± 0.11  d 0.013 186.8 ± 46.8  a 2188.7 
L 20°C 77.9 ± 13.5  a 182.0 17.0 ± 4.9  a 24.0 13.1 ± 0.9 0.7 6.0 ± 1.2  b 1.4 31.5 ± 2.5 6.4 16.2 ± 1.2 1.3 1.03 ± 0.04  a 0.004 238.4 ± 45.4 2058.4 
R 20°C 68.5 ± 12.7 161.3 14.2 ± 3.7  e 13.7 13.1 ± 0.6 0.4 5.3 ± 1.0 1.0 29.9 ± 1.5  d 2.1 15.1 ± 0.9  c 0.8 0.90 ± 0.05 0.003 228.0 ± 23.2 539.6 
W 20°C 64.8 ± 15.7 245.2 13.7 ± 4.3  d 18.5 13.3 ± 1.0  e 1.0 4.8 ± 1.0 1.1 30.5 ± 2.7  c 7.4 15.2 ± 1.4  d 2.0 0.91 ± 0.06 0.004 253.5 ± 61.5 992.3 
 
* Welch-test (P-values): a: P<0.001, b: P<0.01, c: P<0.02, d: P<0.05, e: P<0.1. 
** The increases in plant height during the first time period (27-39 days after the seed germination).  
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As stated above, some of the plants in a group should inherit maximum available “C4-cycle” 
genes from their parents, and thus have complete set(s) of “C4-cycle” enzymes. Others could 
only have parts of them. It is quite possible that certain combination(s) of “C4-cycle” enzymes 
could render either positive or negative effects on plant growth. In addition, the extent to 
which plant growth was affected would be varying due to different enzyme(s) in different 
combinations. As a consequence, the plant overexpressing such enzyme(s) would show either 
improved or retarded growth with various significances, whereas other plants would not show 
any change in growth. Therefore, an average of measured values in a plant group is not a 
good indicator for the influence that different combinations of “C4-cycle” enzymes might 
have on the growth of independent plants in this group. However, averages provide some 
other information on the growth of plants investigated. For examples, “final heights” were 
directly correlated to “average internodes” but not to “leaf numbers”, indicating that the 
changes in plant growth rate were not due to the differences in leaf numbers but to the growth 
of the internode parts. 
A better indicator for different effects of different “C4-cycle” enzyme combinations among a 
plant group should be a greater variation. If the effects only existed in some members of a 
plant group due to their special combination(s) of “C4-cycle” enzymes, larger variations of 
one or more growth parameter(s) should be apparent in this group. In contrast, if there was no 
effect for any member of a plant group due to “unfavorable” enzyme combinations, the 
variation in this group should be in the range of that for the wild-type group. To assess the 
extents of variation more reliably, not only the “variance” (Tab. 22) but also the percentage of 
plants in a group that had “extreme values” (Tab. 23) should be taken into account. Extreme 
values mean the values that are above the highest or below the lowest wild-type levels. For 
example, group E showed the largest variation of final height among the groups in the 20°C 
room (Tab. 22), however, none of its four members showed extreme values (Tab. 23). This 
means that, although the values of final height for its members largely differed from each 
other, they were still in the range of wild-type levels. There seemed to be no significant effect 
of any enzyme combination on final plant height. On the other hand, although in group A 
39% of the plants showed extremely low values of final height (Tab. 23), this group had even 
a lower variance than the wild-type group (Tab. 22), meaning that a large portion of plants in 
group A had similar final heights that were close to the lowest wild-type level. Clearly, the 
variation was small and did not reflect any significant effect. For assessing the significant 
variation of each growth parameter, two groups with the highest variances in each room 
(shaded values in Tab. 22) and the groups having more than 10% of plants with extreme 
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values (shaded values in Tab. 23) are chosen. If, in a plant group, significant variations of 
certain parameter(s) were apparent only in the range of values either above the highest or 
below the lowest wild-type level, it could be deduced that various combinations of “C4-cycle” 
enzymes in members of this group exerted effects only in one direction. On the other hand, 
significant variation through the entire range of values from lower than to higher than wild-
type levels suggested some effects in both directions. 
 
 
The groups of plants with most significant effects on their growth parameters are listed below: 
 
Plant Room 
group temperature  Effects on the growth parameter(s) 
F 25°C decreases in final height and average internode length 
G 25°C both increases and decreases in leaf number 
K 25°C decreases in both leaf length and width 
Q 25°C decreases in leaf width 
X 25°C both increases and decreases in final height, average internode length,  
  leaf width and stalk diameter; increases in leaf number; decreases in  
  leaf length 
C 20°C increases in final height 
J 20°C  increases in stalk diameter; decreases in leaf number 
L 20°C increases in average internode length 
 
The most striking effects were apparent for the plants of group X. Compared with other 
groups, these plants had much higher variances of nearly all growth parameters investigated 
(except the fresh weight) (Tab. 22). In addition, they showed alterations in two directions 
(both increases and decreases) in final height, leaf width and stalk diameter. For other groups 
of plants, two directional changes were only observed for the leaf number in group G (above 
list). Moreover, groups A, D, N, Q in the 25°C room, and J and L in the 20°C room showed 
larger standard deviations of fresh weights. Interestingly, this is correlated to the phenomenon 
of wilting that was observed for up to 78% of plants in these groups after their formation of 
fruits (data not shown). 
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Tab. 23 Percentages of progenies from various crosses of “C4-cycle” genes overexpressors with 
extreme values of growth parameters as compared with wild-type plants 
 
Final height Average internode length Leaf number Leaf length Leaf width Stalk diameter Fresh weight 
More than one 
parameter 
S
ee
d 
gr
ou
p 
C
ha
m
be
r 
te
m
pe
ra
tu
re
 
Lowest Highest Lowest Highest Lowest Highest Lowest Highest Lowest Highest Lowest Highest Lowest Highest Lowest Highest 
SR1 25°C - - - - - - - - - - - - - - - - 
A 25°C 39% 4% - - - 4% - - - 8% - 24% - - - 4% 
D 25°C - - 4% - - 15% 25% - 33% 2% 2% 6% 6% - 17% - 
F 25°C 13% - 13% - 6% 6% 19% - 38% - 6% - 25% - 31% - 
G 25°C - 20% - 30% 20% 10% - - - 10% - 50% - - - 10% 
K 25°C - 10% - 5% - - 10% - 10% 5% 5% 5% 5% - 10% 5% 
M 25°C - 5% - - - - 10% - 5% - - - 30% 5% 10% - 
N 25°C 3% 3% - 6% - 3% 3% - 6% 3% - 6% 39% - 9% 3% 
P 25°C 9% - 6% - - 13% 13% - 28% - 3% - 16% - 9% - 
Q 25°C - - - - - 26% 9% - 23% - 6% 3% 66% - 20% - 
S 25°C - - 5% - - 10% - - 10% - 15% - - - 5% - 
T 25°C 5% 5% 5% 5% - 10% - - - - - - 15% - - - 
X 25°C 29% 29% 18% 29% 6% 12% 18% - 29% 12% 18% 12% 6% - 18% 12% 
SR1 20°C - - - - - - - - - - - - - - - - 
B 20°C - - - - 4% - 4% 4% - - - - 46% - 4% - 
C 20°C - 32% - 32% 7% - - 32% - - - 7% 7% 4% - 22% 
E 20°C - - - 25% - - - - - - - - 75% - - - 
H 20°C - - - - 4% - 2% 7% - 2% - 7% - 5% - 4% 
J 20°C 4% 15% - 23% 12% - - 8% - - 4% 15% 73% - 15% 4% 
L 20°C - 15% - 25% 5% - - 10% - - - 35% 25% - - 15% 
R 20°C - 5% - 5% - - - - - - - - 30% - - - 
W 20°C 5% 2% - - 4% - - 9% - - - - 23% 2% 5% - 
 
“-” represents 0%. 
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Changes in the formation of flowers (Tab. 24) and the maturation of fruits (Tab. 25) were also 
observed for the progenies from crosses of transgenic plants. 
 
All the groups of crossing progenies bloomed earlier than wild type. For examples, in the 
25°C room, 58% and 45% of the plants of groups N and T already formed flowers on the 48th 
day after seed germination, and these portions were further increased to 85% and 75%, 
respectively, on the 52nd day. For the wild type, flowers were not observed on the 48th day, 
and the portion of the blooming plants on the 52nd day was smaller than that for groups N and 
T. As expected, in the 20°C room, the formation of flowers on plants was generally slower 
than for plants in the 25°C room. On both observation days, no flower was apparent on any 
wild-type plant. In contrast, up to 18% of three groups of plants, i.e. C, J and L, already 
flowered on the 48th day and nearly all other groups (except H) had blooming plants on the 
52nd day. The observations indicate that the earlier formation of flowers in these groups was 
generally correlated to their greater increases in plant height during the first time period (27th-
39th day after starting seed germination) (see Tab. 23). 
 
Tab. 25 shows the percentage of plants in each group that had various extents to which their 
fruits maturated. These extents, designated as “fruits-maturating degrees” (degrees 1-4), were 
assessed considering the fruits on each plant as a whole (see the annotation of Tab. 25): for 
each plant, the more the fruits were mature the higher fruits-maturating degree this plant had. 
As shown in Tab. 25, in the 25°C room, all the wild-type plants had moderate fruits-
maturating degrees (2 to 3). Two plant groups, i.e. N and Q, had large portions of plants (12% 
and 34%, respectively) with high degree (4), whereas all other transgenic plant groups had no 
plant with this degree. On the other hand, these two groups also had plants with degrees 1-3. 
These observations indicate that in addition to the variations of growth parameters, larger 
variation regarding the fruits-maturating process might also result from the overexpression of 
“C4-cycle” genes in differential combinations. Interestingly, both groups N and Q are from 
the same mother plant (see Tab. 16). In contrast, some groups e.g. F and G had even higher 
portions of plants with lower degrees than the wild-type group. Plants of group X that showed 
largest variations of growth parameters (see above) exhibited a mediate variation of fruits-
maturating degrees. In the 20°C room, no plant group showed fruits-maturating degree of 4. 
most of the transgenic plant groups exhibited earlier maturity of fruits (degrees 1-3) than the 
wild-type plants (degrees 1-2). Group L had the largest portion of plants (25%) with degree 3. 
The plants of groups N, Q and L showed larger variations of the fruit-maturating processes. 
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In conclusion, the measurements of growth parameters and the observations of flower 
formation and fruit-maturating process revealed that some effects of the “C4-cycle” enzymes 
on plant growth are most likely apparent for group X. Interestingly, plant JL18 that showed 
some effects on the electron requirement for apparent CO2 assimilation (see 4.5.4.3) was from 
this group. Moreover, there might be some effects on the formation of reproductive organs for 
the groups N, Q and L. 
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Tab. 24 Percentages of wild-type plants and of progenies from various crosses of “C4-cycle” genes overexpressors  
blooming on two observation days 
 
Seed 
group A D F G K M N P Q S T X B C E H J L R W 
Chamber 
temperature 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 
48 d* 0% 31% 4% 25% 40% 25% 25% 58% 13% 14% 25% 45% 42% 0% 0% 18% 0% 0% 7% 10% 0% 0% 
52 d* 50% 88% 60% 63% 80% 85% 85% 85% 31% 46% 85% 75% 50% 0% 39% 46% 25% 0% 52% 60% 10% 12% 
 
* The days after starting seed germination. 
 
 
 
 
 
 
Tab. 25 Percentages of wild-type plants and of progenies from various crosses of “C4-cycle” genes overexpressors with  
respective fruits-maturating degrees*  
 
Seed 
group A D F G K M N P Q S T X B C E H J L R W 
Chamber 
temperature 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 25°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 20°C 
Degree 1 0% 0% 0% 19% 0% 20% 0% 3% 6% 3% 5% 5% 8% 29% 7% 11% 25% 26% 12% 5% 10% 12% 
Degree 2 64% 31% 75% 81% 100% 70% 80% 9% 88% 46% 15% 65% 67% 71% 89% 86% 75% 72% 81% 70% 85% 84% 
Degree 3 36% 69% 25% 0% 0% 10% 20% 76% 6% 17% 80% 30% 25% 0% 4% 4% 0% 2% 8% 25% 5% 4% 
Degree 4 0% 0% 0% 0% 0% 0% 0% 12% 0% 34% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
 
*The fruits-maturating degree on a plant is defined as the range of percentages of fruits that were already mature on observation day  
(87 d after seed germination for the plants grown at 25°C, and 94 d for those at 20°C). 
Degree 1:  0% - 25%; Degree 2:  25% - 50%; Degree 3:  50% - 75%; Degree 4:  75% - 100%. 
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4.6.4 Growth of progenies of transgenic tobacco plants under limited CO2  
concentrations  
 
As stated above, plants with decreased photorespiration, e.g. C4 plants, have declined CO2 
compensation points when compared with C3 plants. In another word, C4 plants can have a 
positive net CO2 assimilation rate and normal growth under a low intercellular CO2 
concentration that limits the growth of C3 plants. Therefore, if in transgenic tobacco plants the 
overexpression of “C4-cycle” genes resulted in an inhibition of photorespiration, it is 
reasonable to expect that these plants had elevated tolerance towards the decreases in 
atmospheric CO2 concentrations. In the present investigations, growth of a large number of 
progenies of transgenic plants was observed under low CO2 concentrations that would limit 
the growth of wild-type tobacco. 
 
Seeds from wild type tobacco and from crossed or self- fertilized transgenic tobacco plants 
were simultaneously germinated. The resulting seedlings were grown on “Vermiculite” 
mineral along with nutrient solution in one transparent airtight chamber at 25°C under 
illumination with 16/8 h light/dark regime. During the light period, the concentration of CO2 
in this chamber remained low due to photosynthetic CO2 assimilation by plants. In the dark 
period, sodium hydroxide (NaOH) was used to absorb excess CO2 produced by plant 
respiration to maintain low CO2 levels. 
In the first set of experiments, the seedlings investigated were from seeds of groups S, H, V, 
W and X (see Tab. 16). Their maximum available “C4-cycle” genes are shown in the 
following list. To obtain a similar percentage of plants in each group that contained the 
maximum available “C4-cycle” genes, the number of plants that had to be grown and 
examined were calculated as described in section 3.4.9. However, fewer seedlings of groups 
X and V as desired were available for the investigations due to low seed germination rates. 
 
Seed Maximum available  Numbers of 
group “C4-cycle”genes seedlings tested Remarks 
S cppc/StppcS9D-C4/Me2/pdk/ppt 54 see Tab. 16 
H cppc/StppcS9D-C4/Me2/pdk/pckA/ppt 108  see Tab. 16 
V, W, X cppc/Me2/ppsA/pdk/pck/ppt 7, 85, 8  see Tab. 16; they had  
 the same female parent 
wild type - 108 
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The CO2 concentration in the chamber was below 50 µl l-1. After 7 weeks, 19 plants, i.e. H1-
3, S1-3, V1 and W1-12, survived the low concentration of CO2. Other plants including all 
wild-type plants died. 
 
In a second set of experiments, 60 seedlings each from self- fertilized transgenic plants JL33, 
JL51, JL69, JL86, JL97, JL114 and L3, which had been used for photosynthesis 
measurements (see 4.5.4.3), were used for the investigations. Since these transgenic plants are 
not homozygotes, their progenies should have various genotypes regarding “C4-cycle” genes. 
During six weeks of growth at low CO2 concentrations (below 50 µl l-1), the progenies of 
plants JL97, L3, JL51, JL69 turned yellowish and died. Most of the wild-type plants also died 
having longer internodes and thinner leaves. In contrast, all progenies of plants JL33 and 
JL114 survived and showed healthy growth. As for the progenies of plant JL86, approx. 70% 
of them survived; the others died (data not shown). 
 
Although the results showed some differences in plant growth at limited CO2 concentrations 
between progenies of transgenic plants and wild type, it is still early to state any conclusion 
on the effects on photorespiration. If some effects were exerted by certain combination(s) of 
“C4-cycle” enzymes, there should be a great variation of growth among the progenies of a 
cross because various genotypes regarding “C4-cycle” genes were present. In the second set of 
experiments, such variation was only observed in progenies of one plant i.e. JL86. The 
progenies of other transgenic plants either all died or all grew well. Therefore, this experiment 
should be repeated using optimized method. 
It should be noted that JL33 and JL86 derived from mother plants L1(1) and L1(2), 
respectively, which showed effects on photorespiration to different extents (see 4.5.4.2). Plant 
JL114 had been observed to have a higher growth rate (see 4.5.4.3). The “maximum available 
C4-cycle genes” of the seed group, from which JL114 was grown, was 
cppc/Me2/ppsA/pdk/ppt/pckA. Interestingly, plant JL18, which was previously demonstrated 
to have temporal effects on photorespiration, possessed this genotype (see 4.5.4.3). 
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5 Discussion 
 
 
5.1 Establishment of C4-like CO2 assimilation pathway(s) in Nicotiana tabacum 
 
In the scope of the present study, C4-like metabolic pathway(s) (“C4-cycle”) was established 
in C3 dicot tobacco by overexpressing heterologous “C4-cycle” genes. It had also been planed 
to likewise engineer the C3 monocot rice. To increase the enzyme activity of 
phosphoenolpyruvate carboxylase (PC) in rice, efforts were made to construct a plant 
expression vector carrying the full- length coding sequence of maize PC gene (4.1). Later, the 
study was concentrated only on tobacco plants, by using the available gene constructs. 
Nicotiana tabacum was transformed with foreign “C4-cycle” genes through the mediation of 
Agrobacterium tumefaciens by means of modified leaf disc transformation-regeneration 
methods (see 5.1.1). Two types of plasmid expression systems were employed for the 
expression of foreign “C4-cycle” genes in transformed tobacco plants. The utilization of pVL 
amplicon expression vectors, based on the luteoviral replication system, gave rise to no 
detectable foreign enzymes, probably due to gene silencing (see 5.1.2). The employment of 
pS expression vectors, based on the CaMV 35S promoter, resulted in increased activities of 
transgenes encoded enzymes in correct subcellular compartments. After the failures in 
simultaneously transferring more than one gene to tobacco either by co-transformations or by 
triple-gene construct transformations, the introduction of all “C4-cycle” genes in single 
tobacco plants were achieved by crosses between transgenic plants harboring different foreign 
genes (see 5.1.3). 
 
 
5.1.1 Agrobacterium-mediated transformation of Nicotiana tabacum with heterologous 
“C4-cycle” genes by means of optimized methods  
 
Agrobacterium tumefaciens strain C58C1 (pGV2260) or GV3101 (pMP90RK) (see Materials 
2.2) contains a modified Ti plasmid, from which T-DNA, including both cis-acting border 
sequences (LB and RB), has been removed. After introduction of a binary vector carrying a 
T-DNA with desired gene between border sequences, these Agrobacteria can mediate a 
transfer of this T-DNA to the plant nucleus with the aid of the Ti plasmid virulence (vir) 
genes encoded proteins. Agrobacterium-mediated gene transfer has been demonstrated to be a 
 159  
highly effective method for integrating foreign gene into dicotyledonous plant cells and at 
least some of the monocotyledonous plants (Deblaere et al., 1985). By means of this 
transformation method, the integration patterns of foreign gene are usually quite simple, and 
only a small copy number of T-DNA can be found in the nuclear genome of the same plant 
cell. This diminishes risks of expression instabilities, which could be caused by further 
recombination or gene silencing events (Gallie, 1998; Tinland, 1996). Compared to other 
methods using protoplasts, or stem and root explants as transformed material, the leaf disc 
method is simpler and has broad applicability (Horsch et al., 1985). 
 
During Agrobacterium-mediated transformation of plants, many factors can influence the 
transformation and regeneration efficiencies, such as Agrobacterium and plant genotype, pH, 
temperature, cell concentration, light conditions, duration of co-cultivation, and antibacterial 
agents, etc. (Birch, 1997). One factor that seriously affected the effectiveness of 
transformation and regeneration in the present study, when the routine method of our 
laboratory (method I in section 3.3.4) was employed, was the over-growth of Agrobacterium 
on the transformed leaves and regenerated shoots (4.2.1). Inefficient elimination of 
Agrobacterium after its co-cultivation with leaves should be responsible for this phenomenon. 
It has been demonstrated that Agrobacterium cells are persistent in the majority of 
transformed leaves and regenerated plants up to 12 months post-transformation, since the 
antibiotics used (e.g. cefotaxime) are bacteriostatic rather than bactericidal, and/or 
Agrobacterium is capable of forming covert relationships with plants (Matzk et al., 1996). 
Another reason for the present observation could be that the solid property of cefotaxime-
containing media limited the diffusion of cefotaxime into the leaf tissues. 
To find out the most suitable conditions for increasing the transformation and regeneration 
frequencies, in particular, to effectively eliminate Agrobacterium after infection, the leaf disc 
method I was optimized. This was attempted by introducing several variations regarding titer 
of Agrobacterium for infecting leaves, light intensity during co-cultivation, duration of co-
cultivation, treatment for eliminating Agrobacterium after co-cultivation, concentration of 
kanamycin in the selection medium. In addition, another method (leaf piece method) for 
making wound on leaves was also used, whereby the source leaf was cut into pieces instead of 
punched into discs. Moreover, the step of incubating transformed leaves on kanamycin-free 
medium was omitted (Tab. 3). Comparisons of the results under various conditions  reveal that 
the titer of Agrobacterium for infecting leaves had little influence on the effectiveness of 
transformation (4.2.2.1), which was consistent with the findings of Horsch et al. (1985). Low 
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light intensity was more favorable to the transformation (4.2.2.1). This is possibly due to the 
fact that such a condition mimics the natural habitat of Agrobacterium, found worldwide in 
soil. Low light intensity (500 lux) has been used for the transformation of potato leaves (De 
Block, 1988). Different duration of co-cultivation caused large differences in the 
transformation and regeneration efficiencies. Too short co-cultivation might limit the 
infection of leaves by Agrobacterium and thus decrease the transformation frequency. On the 
other hand, too long co-cultivation increases the risk of over-growth of persisted 
Agrobacterium on transformed leaves, which can cause damage and death of the latter and 
therefore decreases the regeneration frequency. Soaking transformed leaves in sterile water 
containing 500 µg/ml cefotaxime proved more effective for preventing Agrobacterium from 
over-growth than placing them on solid medium containing the same concentration of 
cefotaxime. In addition, when leaves were co-cultivated with lower titers of Agrobacterium 
culture, which could not affect the effectiveness of transformation (see above), Agrobacterium 
was eliminated more effectively resulting in an increase in the regeneration frequency. Higher 
concentration (150 µg/ml) of kanamycin was more effective for selecting transgenic plants. 
The employment of the leaf piece method not only saved time and labor but also gave rise to 
comparable or even higher transformation and regeneration frequencies. The transformation 
efficiency was not affected when the step of incubating trans formed leaves on kanamycin-free 
medium was omitted (4.2.2.1). During transformation of potato leaves, Becker (1990) had 
observed that high regeneration frequency obtained on the kanamycin-free medium rapidly 
declined after transferring leaves onto the selection medium. 
In summery, the leaf disc transformation method has been optimized and is described as 
method II (3.3.3). Furthermore, a leaf piece transformation method was developed and 
referred to as method III (3.3.3). 
 
 
5.1.2 Gene silencing in tobacco transformants carrying a viral expression system 
 
The pVL amplicon expression system had been expected to give rise to very high expression 
levels of transgenes in plants due to its basic property of luteoviral replication and its 
independence of transgenic plant genome. However, in Western blot analysis no 
immunosignal for any of the transgenes encoded proteins was detected in either leaf extracts 
of 130 regenerants or in root extracts of 11 regenerants (4.2.1). Similar results have been 
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obtained from the transformation of Solanum tuberosum with pVL-Lpck, pVL-pck and pVL-
ME (Lipka, 1999) as well as with pVL-Stppc and pVL-gfp (Rademacher, 2002). 
The absence of expression products of pVL-gene constructs in transgenic tobacco leaves 
might have resulted from post-transcriptional gene silencing, which is triggered by virus RNA 
sequence carried on these constructs and by high levels of transcripts of both transgene RNA 
and viral RNA produced by the pVL amplicon expression system. It has been proposed that 
gene silencing triggered by replicating viruses reflects a plant defense mechanism against 
viruses. A critical level (“threshold”) of transgene RNA, transgene antisense RNA or 
unproductive (aberrant) transgene RNA can provoke specific degradation (turnover) of all 
homologous RNA in the cytoplasm (Gallie, 1998; Matzke and Matzke, 1995). The post-
transcriptional transgene silencing in transformed tobacco roots might either have occurred 
originally in one or more root cells in a way similar to that in leaves, or might have been 
acquired from silenced leaf cells via diffusible silencing message. Palauqui et al. (1997) have 
discovered the “systemic acquired silencing (SAS)”, i.e. the transgene-specific post-
transcriptional silencing was transmitted by grafting unidirectionally from silenced stocks to 
non-silenced scions. The message for this transmission was proposed to be aberrant poly (A)-
RNA products of transgene. They invade the plant via vascular tissue and plasmodesmata. A 
transmission of SAS message has also been suggested for the spread of abnormal phenotype 
on leaves of transgenic potato plants (Lipka, 1999). In guard cells of transgenic potato plants 
gene silencing occurs to a lesser extent, which has been proposed due to little contact between 
these cells and their neighboring cells and thus unaffectedness by SAS (Rademacher, 2002). 
To address the question of whether post-transcriptional events are truly responsible for the 
gene silencing that occurred in transgenic tobacco plants, further investigations, e.g. 
comparison between the levels of run-on transcript and steady-state RNA, are needed. 
 
 
5.1.3 Expression of “C4-cycle” genes under the control of the CaMV 35S promoter and 
crosses between transgenic tobacco plants harboring different foreign genes 
 
Heterologous “C4-cycle” genes cppc, Me2, ppsA and pckA, carried on respective pS-vectors, 
were transferred to and overexpressed in N. tabacum (4.2.2). Some tobacco plants multiply 
overexpressing these genes were re-transformed with the pSPAMh-vector triply carrying 
Me2, pdk and ppt (4.2.3). In addition, transgenic plants overexpressing other “C4-cycle” 
genes, Stppc(S9D)-C4, Stppc-C4, pdk or ppt, under the control of CaMV 35S promoter or its 
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duplicated derivative had generously been supplied by other researchers (4.3). Increases in 
varying degrees in the level of ppt mRNA, and in the protein amount as well as activity of 
other transgene encoded enzymes were observed in some transformed plants (4.3.2). The 
chloroplast-targetings of NADP-malic enzyme (ME), pyruvate, orthophosphate dikinase 
(DK), phosphoenolpyruvate synthase (PS), and phosphoenolpyruvate carboxykinase (CK) 
were demonstrated to be successful (4.2.2.2 and 4.3.2). 
 
Successful chloroplast-targeting of corresponding “C 4-cycle” enzymes in transgenic 
tobacco plants: 
 
As shown in Fig. 1, most of foreign “C4-cycle” enzymes were to be introduced into the 
chloroplasts of transgenic tobacco plants. The gene encoding C3 (ME) or C4 DK has a native 
chloroplast-targeting transit sequence. The gene coding for PS or CK had been fused to a S. 
tuberosum rbcS1 transit sequence. The results of Western blot analyses showed that PS and 
CK were localized in the chloroplasts of respective tobacco transformants (Fig. 7). Activity 
measurements of these enzymes in chloroplast extracts (Tabs. 6, 8 and 11, Fig. 10) revealed 
that transgenic plants had much higher stromal activities of respective enzymes versus the 
wild type. These results indicate that either a native transit peptide of C3 or C4 enzyme, or a S. 
tuberosum rbcS1 transit peptide can be recognized and processed in the C3 plant tobacco. 
 
It has been found that cDNA encoding ME or DK from different plants have low similarities 
of native transit sequence (Drincovich et al., 2001; Lipka et al., 1994; Matsuoka, 1995). In 
addition, as stated in section 5.2.1, there is also low similarity (75%) between rbcS1 transit 
sequence from S. tuberosum (Wolter et al., 1988) and tobacco endogenous rbcS transit 
sequence (Mazur and Chui, 1985). The above-mentioned results indicate that despite such low 
similarities, foreign transit peptides functioned well in transgenic tobacco plants. Several 
similar results have been reported, such as the functioning of the chloroplast transit peptides 
of Flaveria pringlei (C3 dicot) ME in potato (Lipka et al., 1999), of the maize DK (C4 
monocot) in the C3 dicot Arabidopsis (Ishimaru et al., 1997), and of Sorghum NADP-MDH 
(C4 monocot) in the C3 dicot tobacco (Gallardo et al., 1995). It appears likely that the 
common features shared by transit peptides - such as high content of hydrophobic and 
hydroxylated amino acids, low content of acidic amino acids, and thus a net positive charge 
(van’t Hof and Kruijff, 1995) - are predominantly, if not exclusively responsible for their 
functions in protein import processes. 
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Variations in protein amounts as well as activities of “C4-cycle” enzymes among 
transformed tobacco plants: 
 
After transformations the foreign “C4-cycle” gene encoded enzymes, i.e. PC, ME, PS and CK, 
were immunologically detected only in part of respective regenerants (52%, 37%, 23% and 
15%, respectively). In addition, after co-transformations with two foreign genes, the vast 
majority of transformants expressed only one of the genes (Tab. 4). Even among the 
transformants overexpressing a given foreign gene, varying protein amount as well as activity 
of its encoded enzyme were observed (4.2.2.2 and 4.3.2). Several factors - such as the copy 
number as well as the insertion site of the transgene, gene silencing events, and translational 
and post-translational regulations - can affect the protein amount and activity of an enzyme 
encoded by a transgene. 
It has been reported that the expression levels of maize PC and DK in transgenic rice plants 
correlated well with the copy number of the inserted maize gene (Fukayama et al., 2001; Ku 
et al., 1999). The expression level of transgene can vary to some extents even among 
independent single copy transformants due to the influence of different sequences flanking the 
insertion sites of the transgene (Birch, 1997), which is randomly integrated in the plant 
genome (Tinland, 1996). High expression can occur when a simply inserted T-DNA is 
flanked by matrix or scaffold attachment regions (MARs or SARs) (Allen et al., 1996; Gallie, 
1998).  
Gene silencing events can occur at either transcriptional or post-transcriptional levels. The 
former results frequently from methylation of each of multiple, linked copies of transgene 
which can be arranged as inverted or direct repeats (cis- inactivation), or from methylation of a 
gene that is homologous to an already methylated and inactivated transgene located on other 
loci (trans- inactivation) (Matzke and Matzke, 1995). The promoter homology-caused 
methylation and inactivation of transgene have been reported in re-transformed tobacco 
plants, whereby the introduction of T-DNA-II caused the inactivation of the first introduced 
T-DNA-I in about 50% of the doubly transformed plants (Matzke et al., 1989). Post-
transcriptional gene silencing is responsible for most cases of co-suppression such as that 
discussed in section 5.1.2. Homologous sequences can trigger gene inactivation also at post-
transcriptional levels (Meyer and Saedler, 1996) by increasing the level of transgene RNA to 
reach a certain threshold (Gallie, 1998). Post-transcriptional and/or translational regulation 
have been proposed by Ishimaru et al. (1997) to be responsible for the large reduction in the 
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abundance of heterologous DK protein as compared with its high steady-state level of mRNA 
in transgenic Arabidopsis. 
The activity level of plant-derived enzymes can be influenced by post-translational 
regulations in transgenic plants. It has been demonstrated that C3 PC (Duff and Chollet, 1995; 
Li et al., 1996) or DK (Chastain et al., 2002) are post-translationally regulated by reversible 
protein phosphorylation in similar a manner as are their C4 counterparts. More recently, CK in 
leaves of some C4 and CAM plants and in the cotyledons of all germinating seedlings has also 
been proved to experience reversible protein phosphorylation regulating its enzyme activity 
(Walker et al., 1997, 2002). So far, little is known regarding whether C3 host plants contain 
the regulatory protein, e.g. PC serine/threonine kinase and protein phosphatase 2A (for PC), 
and bifunctional DK regulatory protein (for DK) qualitatively and quantitatively similar to C4 
plants. It is questionable whether the regulatory proteins in C3 host plants and C4 plants have 
same specificity for substrate as well as sensitivity to malate inhibition, and whether these 
plants have the same abundance of regulatory proteins relative to their target proteins. Li and 
coworkers (1996) estimated that at least a 10 times lower activity of PC serine/threonine 
kinase is present in illuminated tobacco leaves than in maize leaves. In transgenic rice the DK 
activities were lower than that expected on the basis of the abundance of accumulated DK 
protein, probably because much of the enzyme was not activated (Fukayama et al., 2001). 
As for the present study, the exact reasons for the variations in levels of accumulated foreign 
proteins as well as their enzyme activities in transformed tobacco plants remained to be 
elucidated. Since all the gene constructs used for co-transformations had the same promoter 
(CaMV 35S promoter), methylation within the promoter region, and thus inactivation of 
either or both of the two transgenes, is most likely to be responsible for the extremely low 
detection rate of double transformants. In addition, different susceptibility of respective genes 
to co-suppression (Meyer and Saedler, 1996) might partially contribute to the differences in 
detection rates of different foreign proteins (see above). Furthermore, in transgenic tobacco 
plants DK from C4 plant F. trinervia and PCSF, one of the modified potato PC (see Materials 
2.4), may undergo post-translational regulation. Their activation state after regulation may 
vary among respective transformants due to the influence of varying plant metabolic status on 
this regulation. The decreases in the DK activity observed in most cuttings of transgenic 
plants (4.3.2.6) might be a consequence of such regulation in favor of inactivating DK under 
changed in vivo physiological conditions. 
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The increases in the activities of PC, ME, DK and CK in transgenic tobacco plants obtained in 
the present study (4.3.2.1-4.3.2.2, 4.3.2.4-4.3.2.6), to my knowledge, were of the same 
magnitudes as reported for most other transformations of various C3 plants with 
corresponding C4 enzyme encoding genes (Gehlen et al., 1996; Hudspeth et al.,1992; 
Ishimaru et al., 1997, 1998; Kogami et al., 1994; Rademacher, 2002; Sheriff et al., 1998). 
They are lower than the highest levels reported thus far, levels that were all measured in 
transgenic rice (Tab. 26). 
 
Tab. 26 Increases in enzyme activities in leaf extracts of C3 plants overexpressing 
heterologous C4-metabolic enzymes 
 
PC 
C4-metabolic enzyme In PCC 
overexpressors 
In PCSD 
overexpressors 
In PCSF 
overexpressors 
ME DK CK 
Enzyme activity in wild-type 
tobacco (mU/mg protein) 18.56 12.58 0.10 
b 5.95 
Maximum relative activity a 
in transgenic tobacco plants 3.2 5.5 4.0 6.2 138
b 5.7 
Introduced construct 
35S prom c :: 
5’UTR::C. 
glutamicum gene 
SAR-flanking 
35SS prom:: 
modified 
potato cDNA  
SAR-flanking 
35SS prom:: 
modified potato 
cDNA 
35S 
prom::F. 
pringlei  
cDNA 
35SS 
prom::O::F. 
trinervia 
cDNA 
35S prom:: 
S. meliloti  
gene 
Enzyme activity in wild-type 
rice (mU/mg protein) 60 23 16 undetectable 
Maximum relative activity in 
transgenic rice plants 110 70 40 0.5 
d 
Introduced construct Intact maize C4 gene 
rice Cab  
prom::maize 
cDNA 
Intact 
maize C4 
gene 
maize ppc or 
pdk prom::U. 
panicoides  
cDNA 
Reference Ku et al., 1999 Takeuchi et al., 2000 
Fukuyama 
et al., 2001 
Suzuki et al., 
2000 
 
a Relative activities indicate the increases (folds) in enzyme activities in transgenic plants versus wild-type plants.  
b Data for young tobacco plants. c “prom” represents promoter. d This value represents the highest CK activity in 
rice pck overexpressors relative to that in Urochloa panicoides, because the CK activity was undetectable in 
leaves of non-transgenic rice plants. 5 U´TR = 5  ´ untranslated region of the chalcone synthase gene from 
Petroselinum hortense. SAR = scaffold attachment region of the tobacco RB7 gene. 
 
In order to change the metabolism of C3 plants, researchers have been engaged in achieving as 
high activities of “C4-cycle” enzymes in transgenic C3 plants as possible. One successful 
strategy is to transform the C3 plants with intact C4 genes including their own promoters, 
terminators and exon/intron structures (see Tab. 26). Overexpressions of intact maize C4 ppc 
and pdk genes in rice led to a protein amount of their encoded enzymes of up to 12% and 35% 
of total leaf soluble proteins, respectively (Fukayama et al., 2001; Ku et al., 1999). The 
transformations of the C3 plants with various promoter-GUS fusions have demonstrated that 
the cis-acting elements in the promoters of maize C4 ppc and pdk rendered the genes not only 
high expression levels but also light inducibility and mesophyll cells specificity in transgenic 
rice (Matsuoka et al., 1993, 1994). In addition, the F. trinervia C4 ppc promoter induced high-
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level expression of the reporter gene especially in the palisade mesophyll cells of transgenic 
tobacco leaves (Stockhaus et al., 1994). Both publications also revealed that the C3 monocot 
rice and dicot tobacco possess the necessary trans-acting factors for cell-specific expression 
of C4 PC and DK (Ku et al., 1996; Sheen, 1999). However, the intact C4 gene-transformation 
strategy may not work well for some C4 genes such as that encoding ME. It has been observed 
that the 3  ´ flanking region of Me1 gene from C4 plant F. bidentis, which is responsible for its 
high- level expression, did not function effectively in transgenic C3 plant tobacco (Marshall et 
al., 1997). Another fact that might limit the application of this strategy is that most of the 
monocot intact genes cannot be efficiently transcribed in dicots either due to poorly 
functioned pre-mRNA splicing (Keith and Chua, 1986) or to inaccurate transcription initiation 
(Hudspeth et al., 1992). There are, however, some exceptions: e.g. Sorghum intact ppc gene 
can be correctly transcribed in transgenic tobacco plants (Tagu et al., 1991). It seems likely 
that the transformations of C3 plants with genes from phylogenetically closely related C4 
plants, e.g. transferring the monocot maize intact genes to the monocot rice plant as 
mentioned above, may have more chances to achieve high- level expression. 
 
Ineffective re -transformation of transgenic tobacco with a triple genes-carrying plasmid 
 
Re-transformation of transgenic tobacco plants with the triple genes-carrying plasmid 
pSPAMk-ppc-pdk-me was demonstrated to be ineffective by measuring the activity of DK, 
one of these genes encoded enzymes. It was also proved that co-suppression was not the 
reason for this result (4.2.3). Instead, a possible reason might be that simultaneous 
expressions of pdk, Me2 and ppt at high levels caused metabolic changes to such a great 
extent that no tobacco plant could be regenerated. In the early different iation phase of 
regenerated plant calli, a large amount of pyruvate (and NADPH) is needed for protein and 
lipid biosyntheses during chloroplast biogenesis or other plastid- located biosynthesis (Lai et 
al., 2002b). High chloroplastic activities of DK, together with ppt encoded 
phosphoenolpyruvate translocator (PT), would successively convert a great portion of 
pyruvate to phophoenolpyruvate (PEP) and export the latter to the cytosol, and thus affect the 
chloroplast biogenesis or biosynthesis. Rademacher (2002) has made similar explanations for 
failed detection of foreign proteins in potato pSPAMk-ppc-pdk-me transformants. 
 
Crosses between transgenic tobacco plants harboring different “C4-cycle” genes: 
 
The progenies of crossed transgenic plants had varying protein amounts and activity levels of 
individual foreign enzymes. The highest values were similar to the values for their parent 
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plants. Surprisingly, the crosses either between PCC-containing plants and PCSD or PCSF 
transformants (Tab. 14) or between two PCC overexpressors (data not shown) gave rise to the 
PC activities that did not exceed the higher level among the parent plants. There was no 
progeny that had the PC activity at a level equal to the sum of PC activities for both parent 
plants. It seems likely that some factors, e.g. gene silencing triggered by promoter homology 
(see above), inhibited further increases in the PC activity when the second PC enzyme 
encoding gene was introduced. An alternative hypothesis is that when the protein amount of 
PC was too high in transgenic plants, the supply of PEP for PC became limited. As a 
consequence, part of the regulatory proteins that are responsible for the activation of PC 
enzyme might be inactivated and thus inhibit a great increase in the PC activity.  
 
Through stepwise crossing followed by screening for hybrids with highest activities and/or 
protein amounts of individual enzymes, the tobacco plants containing complete set(s) of 
foreign enzymes for C4-like pathway(s) were obtained. The pathway was either NADP-ME-
type (composed of PCC and/or PCSD, ME, DK and/or PS, and PT) or PCK-type (composed of 
PC, CK and PT), or a combination of both types (Tab. 16). Some NADP-ME-type C4 plants 
(e.g. maize) have been found to utilize cytosolic CK located in bundle sheath cells as an 
auxiliary decarboxylating enzyme to ME for C4 photosynthesis (Furumo et al., 1999). It might 
be, therefore, expected that the combined function of both decarboxylating enzymes ME and 
CK would enhance the chance to achieve increased photosynthetic efficiency in transgenic 
tobacco plants. Moreover, some plants containing only part of “C4-cycle” enzymes for 
respective types were also created. They offer a good opportunity to study the effects of 
individual enzymes on the carbon metabolism, physiology, and growth of transgenic tobacco 
plants. 
 
 
5.2 Effects of elevated activities of “C4-cycle” enzymes on biochemical and 
physiological characteristics as well as growth of transgenic tobacco plants 
 
In the present study, after transformations and crosses transgenic tobacco plants with 
increased levels of protein amounts and/or activities of “C4-cycle” enzymes were screened out 
(see 5.1) and used for investigations on possible changes in plant metabolism and growth. 
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5.2.1 Effects on activities of endogenous enzymes as well as contents of metabolites 
 
Overexpression of “C4-cycle” genes in transgenic tobacco plants caused changes in the 
activities of some endogenous enzymes (cytosolic ME, PK and PEPP, chloroplastic NADP-
MDH and mitochondrial NAD-ME) in their leaves (Figs. 20-21; Tab. 18). These results are 
consistent with the notion that plant metabolism is very flexible due to several factors such as 
the presence of alternative enzymes and pathways (Stitt and Sonnewald, 1995), which allow 
plants to withstand biotic and abiotic stresses. In addition to environmental conditions - e.g. 
limited CO2 concentrations (1.2), wounding, and UV-B radiation (1.4) - overexpression of 
foreign genes has also been observed to trigger changes in the expression of related 
endogenous enzymes. For example, in transgenic rice plants overexpressing CK, the activity 
of endogenous PC was increased due to enhanced supply of its substrate, PEP, by higher CK 
activities (Suzuki, et al., 2000). Overexpression of PC in rice plants led to an increase in the 
activity of endogenous carbonic anhydrase (CA), which could meet larger demand of PC for 
its substrate HCO3- (Jiao et al., 2002). These findings raise the possibility that an increase in 
the activity of an enzyme, due to overexpression of its encoding gene, could influence the 
activities of related endogenous enzymes, resulting in either elevated synthesis of its substrate 
or in enhanced metabolism of its product. This assumption is reinforced by the observations 
in the present study. In addition, competition for a common substrate between a foreign 
enzyme and an endogenous enzyme might result in a decrease in the activity of the 
endogenous enzyme (see below). As a consequence of the action of an overexpressed enzyme, 
the contents of related primary and/or secondary metabolites might be altered, if the changes 
in the activities of endogenous enzymes could not totally counteract these alterations. 
 
Effects on activities of endogenous enzymes: 
 
In tobacco PCC, PCSD or PCSF overexpressors with a broad range of PC activities, the 
activities of total ME linearly increased with increasing PC activity (Fig. 20). The elevated 
ME activities were cytosol- localized and induced at the transcriptional level (Häusler et al., 
2001). Cytosolic ME fulfills several housekeeping functions (1.4). In the case for above PC 
overexpressors, increased cytosolic ME seemed to be involved in the fine regulation of 
cytosolic pH value. In these plants elevation in PC activities resulted in accelerated formation 
of oxaloacetate (OAA). Since in plants chloroplastic and mitochondrial OAA translocators 
action very effective (Ebbighausen et al., 1985; Flügge, 1998), and cytosolic NADH/NAD 
ratio is too low for NAD-MDH to rapidly reduce OAA (Heineke et al., 1991), it seems more 
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likely that chloroplastic and mitochondrial uptake of OAA was in preference to its cytosolic 
reduction. In chloroplasts OAA could be readily reduced to malate via NADP-MDH (1.4). 
Malate could then be either decarboxylated to pyruvate or transaminated to aspartate for 
biosynthesis of fatty acids and/or amino acids, or be exported into the cytosol (Krömer and 
Scheibe, 1996). However, in PC overexpressors the rates of further metabolism of malate in 
chloroplasts might no longer match that of OAA formation and import, as in wild type. As a 
consequence, the formation of OAA and/or the accumulation of malate in the cytosol of 
tobacco PC overexpressors might exceed their consumption in chloroplasts. Similar situation 
could also occur in the mitochondria of these plants. Here OAA might react with acetyl-CoA, 
formed from pyruvate via pyruvate dehydrogenase, to produce citrate and entered the TCA 
cycle. The pyruvate dehydrogenase complex, however, has been suggested to be inactivated 
in the light (Budde and Randall, 1990). Therefore, the synthesis rate of acetyl-CoA might not 
match the increased OAA formation and import rates in PC overexpressors, and thus limit 
mitochondrial consumption of OAA. In conclusion, due to the increases in PC activity the 
formation of OAA and/or the accumulation of malate in the cytosol of tobacco PC 
overexpressors might exceed their consumption in both chloroplasts and mitochondria of 
these plants. This would result in an increase in cytosolic concentrations of OAA and/or 
malate and thus in higher cell acidity, if these substances were not further metabolized 
through any additionally activated pathway. A stable intracellular pH is very important for 
maintaining a balance between various metabolic pathways. Plants contain several pH-stats to 
ensure such stability (Davies, 1986). The induction of cytosolic ME activity in response to 
increases in PC activity seemed to be a mechanism for counteracting an increases in cell 
acidity which might occur in PC overexpressors. Cytosolic NAD-MDH, coupled with the 
induced ME, might function as a pH-stat converting OAA through malate to pyruvate, 
resulting in a decrease in intracellular acidity. However, it appears likely that the increase in 
cell acidity was only partially attenuated by this pH-stat, since an elevation in malate content 
with increasing PC activity could still be observed in single PC overexpressors (see Fig. 22A). 
The increase in cytosolic ME activity was attenuated in double PCC/ME overexpressors as 
compared to single PC overexpressors (Fig. 21). This might be explained by an increase in 
OAA and/or malate consumption within chloroplasts due to increased stromal ME activities. 
The enhanced decarboxylation of malate via higher stromal ME activities could not only 
attenuate the feedback inhibition of malate on the import and reduction of OAA but also 
provide more NADPH for activating NADP-MDH to support sustained reduction of OAA. As 
a consequence, the cytosolic levels of OAA and/or malate in these plants were lower than 
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those in single PC overexpressors, and thus the induction of cytosolic ME activity was 
attenuated. In our earlier study, double PCC/ME overexpressors were suggested to have 
increased induction of cytosolic ME activity, as judged from increased total ME activities 
measured in crude leaf extracts, as compared with single PC overexpressors (Häusler et al., 
2001). However, comparison of results between simultaneous investigated single PC, ME, 
and double PCC/ME overexpressors revealed that the greater increases in total ME activities 
observed for double PCC/ME overexpressors in both studies were virtually not attributed to 
increases in cytosolic ME activity but to increases in stromal ME activity (see 4.5.1). Even a 
moderate increase in stromal ME activity in single ME overexpressors could result in a total 
ME activity that was comparable to that caused by 3-fold higher PC activity versus wild type 
in single PCC overexpressors. For double PCC/ME overexpressors, the values of total leaf and 
stromal ME activities were correlated in accordance with that for single ME overexpressors. 
No additional increase due to the overexpression of PCC was observed for these plants (Fig. 
21). Hence the effects of elevated PC on the increases in cytosolic ME activity should be 
attenuated in double PCC/ME overexpressors. 
 
The activity of cytosolic pyruvate kinase (PK) was increased in tobacco PCC, PCC/ME 
and/or PCC/CK overexpressors (Tab. 18). PK (EC 2.7.1.40) is key enzyme of glycolytic 
pathway catalysing the irreversible synthesis of pyruvate and ATP from PEP and ADP 
(Gottlob-McHugh et al., 1992). The increase in PK activity should be a reflection of an 
increase in glycolytic formation of PEP, which could meet the larger demand of PC for this 
substrate. 
 
There was a trend of decrease in the activity of phophoenolpyruvate phosphatase (PEPP) 
in PC overexpressors and such a decrease was more significant in PCC/ME overexpressors 
(Tab. 18). PEPP catalyzes the conversion of PEP to pyruvate, releasing phosphate. An 
increase in PEPP activity is an indicator of phosphate limitation (Duff et al., 1989). Phosphate 
limitation of photosynthesis has been suggested for transgenic rice plants overexpressing 
maize PC (Fukayama et al., 2001). In addition, a number of reports have pointed out a direct 
relationship between phosphate limitation and increases in PC activity (see Smith et al., 
2000). However, the present observations suggested that no phosphate limitation occurred in 
tobacco plants overexpressing either singly cppc or doubly cppc/Me2.  
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The activity of endogenous chloroplastic NADP-malate dehydrogenase (NADP-MDH) was 
markedly decreased in tobacco double PCC/CK overexpressors. There was also a trend of 
decrease in single CK overexpressors (Tab. 18). Since CK gene was overexpressed in all 
these plants, the following discussion is made concerning the changes foreign CK might cause 
in transgenic tobacco. NADP-MDH catalyses the reduction of OAA to malate in chloroplasts, 
and plays an important role in malate valve. CK catalyses the decarboxylation of OAA 
forming PEP at the expense of ATP (1.4). Apparently, foreign CK, overexpressed in the 
chloroplasts of transgenic tobacco plants, could compete with endogenous NADP-MDH for 
OAA as a substrate. To assess the result of such competition, the amounts of activated 
enzymes, and the ir competitive capabilities (or catalytic effects) which depend on their kcat/Km 
(OAA) ratios (Stryer, 1995), should be determined. So far data are only available for NADP-
MDH from spinach (ratio = 49980/0.11) (Ferte et al., 1984, 1986), but neither for NADP-
MDH from tobacco nor for CK from S. meliloti. Although no conclusion can be made about 
the competition results at this stage, it might be speculated that the decline in the activity of 
NADP-MDH was caused by its decreased availability of OAA due to the competition of CK. 
The attenuation in the operation of malate valve, resulting from the decreases in NADP-MDH 
activity, could be compensated by the improvement of CO2 assimilation by Calvin cycle 
and/or by photosynthetic O2 reduction. It has been suggested that under the conditions that 
malate production is prevented due to the lack of OAA, the malate valve can be substituted by 
photosynthetic O2 reduction (Scheibe, 1987). The greater decrease in endogenous NADP-
MDH activity in double PCC/CK overexpressors than in single CK overexpressors might be 
explained, if we assume that CK has lower affinity for OAA than NADP-MDH, and thus 
requires higher OAA concentration for its Vmax than NADP-MDH. In double PCC/CK 
overexpressors, enhanced cytosolic production of OAA and its imported to chloroplasts could 
occur due to the overexpression of PCC (see above). The increase in stromal OAA 
concentration might benefit the CK reaction to a greater extent than the NADP-MDH 
reaction. As a consequence, CK would gain increased competitive capability and thus cause a 
larger decrease in endogenous NADP-MDH activity. This explanation has to be verified by 
further information about the Km (OAA) value of CK. 
 
The activity of mitochondrial NAD-ME was increased in tobacco single PCC, and double 
PCC/ME or PCC/CK overexpressors (Tab. 18). This might be due to elevated supply to NAD-
ME with its substrate malate, which resulted from the increased cytosolic formation of OAA 
and its import to mitochondria (see above). 
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Effects on leaf contents of primary and secondary metabolites: 
 
The leaf contents of malate, measured at the end of a light period of 16 h, were highly 
positively correlated with the PC activities in tobacco single PC overexpressors, irrespective 
of the sources and modifications of PC (Fig. 22A). Two conclusions can be made from these 
results. One concerns that in these plants foreign PC had effectively converted PEP to OAA, 
and at least partial OAA formed must have been converted to malate via endogenous 
cytosolic and/or stromal MDH. The other is that further metabolism of malate and its export 
from the source leaves must have been at lower rates than its formation. It is, therefore, 
evident that the changes in the activities of endogenous enzymes, observed in these plants 
(see above), could not have totally counteracted the effects of increased PC activities on the 
formation of OAA and malate. In accordance with the present observations, increased leaf 
contents of malate were also reported for transgenic tobacco plants overexpressing ma ize 
Ppc1 gene (Hudspeth et al., 1992), and for transgenic potato plants overexpressing PCSD, PCC 
and PCSF (Häusler et al. 1999; Rademacher, 2002). Compared with transgenic tobacco plants 
overexpressing the same PCC and PCSF, however, their potato counterparts showed smaller 
increases in malate content. Two reasons might be responsible for this difference. One 
concerns the sampling time, which was after 16 h illumination for transgenic tobacco (Fig. 
22A) and after 8 h illumination for transgenic potato (Häusler et al. 1999). The other is that 
transgenic tobacco plants had less significant increase in the activity of endogenous 
mitochondrial NAD-ME than their potato counterparts (Tab. 18; Häusler et al., 2001). The 
increase in NAD-ME activity is a reflection of an enhanced metabolism of OAA in 
mitochondria via TCA cycle (Häusler et al., 2001), which could attenuate the accumulation of 
OAA and malate in leaves. 
As man might have expected, the correlation between the leaf contents of malate and the PC 
activities was absent in tobacco double PCC/ME overexpressors (Fig. 22B). A more careful 
inspection of the data reveals an increase and a trend of decrease in malate content in those 
plants with moderate (up to 2-fold) and high (2.1- to 4-fold) elevated PC activities, 
respectively. Two plants with 3.5- or 3.9-fold increased PC activities displayed a malate 
content even lower than the wild type (Fig. 22B). It appears unlikely that this phenomenon 
was due to different levels of stromal ME activity, because all the plant s investigated showed 
comparable protein amounts of foreign ME (4.5.2), and should have comparable stromal ME 
activities (see 4.5.1). Other factor(s), e.g. increases in cytosolic ME activity, must have been 
responsible for this result. It might be possible that the total effects of both, chloroplastic and 
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cytosolic ME activities, on malate contents were less significant compared with those of PC 
activities in the transgenic plants with up to 2-fold increased PC activities. However, the trend 
reversed with further increasing PC activities. 
 
The leaf contents of flavonoids were decreased with increasing PC activity in a series of 
transgenic tobacco plants overexpressing cppc, StppcS9D-C4 or Stppc-C4. It was also declined in 
double PCC/ME overexpressors as compared with the wild type, but remained unchanged in 
single ME overexpressors (Fig. 23). These results were other than would be expected from the 
significant increases in cytosolic ME activity, observed for tobacco single PC overexpressors 
(see above). A direct correlation between the contents of flavonoids and the activities of ME, 
de novo synthesized by exposure to UV-B radiation, has been found in bean leaves (Pinto et 
al., 1999). Flavonoids play an important role in protecting plants from UV-B damage by 
absorbing this radiation and removing H2O2 produced during the damage (Yamasaki et al., 
1997). Casati et al. (1999) have proposed that under UV-B radiation stress ME could supply 
NADPH and pyruvate for flavonoids biosynthesis. However, in the present case there seemed 
to be no correlation between the induction of endogenous ME and synthesis of flavonoids. 
The decreases in flavonoids content in tobacco PC overexpressors might be attributed to a 
deficiency in PEP, one precursor for flavonoids biosynthesis. In chloroplasts flavonoids are 
synthesized via shikimate pathway (Herbers and Sonnewald, 1996), relying on a supply of 
PEP from the cytosol (Flügge, 1998). An increase in consumption of cytosolic PEP by 
overexpressed PC could limit the supply of PEP for shikimate pathway and thus cause a 
decrease in flavonoid biosynthesis. Although elevated stromal ME activities in double 
PCC/ME overexpressors could improve the formation of NADPH and pyruvate, stromal 
production of PEP from pyruvate via DK might not be sufficient to affect the PEP pool 
because of low endogenous DK activity (Fig. 10). Hence, flavonoid content was similarly 
decreased in double PCC/ME overexpressors. 
 
 
5.2.2 Effects on photosynthetic characteristics 
 
Changes in photosynthetic characteristics were observed for some transgenic tobacco plants 
overexpressing “C4-cycle” enzymes (4.5.4), with respect to apparent CO2 compensation point 
(G), electron requirement for CO2 assimilation (e/A ratio), and the effects of intercellular CO2 
concentration (Ci), oxygen, and temperature on the e/A ratio. 
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Experiments with single PCC overexpressors showed significantly decreased O2 inhibition of 
A as well as O2 enhancement of the e/A ratio (Tab. 19). This seems to be due to the 
accumulation of malate (see 5.2.1) and its subsequent decarboxylation via endogenous 
stromal ME in these plants. However, the decarboxylation here might not be large, because an 
induction of endogenous cytosolic ME was observed (5.2.1). In addition, improved stomatal 
conductance may also contribute to the above results. It is popularly believed that PC plays a 
key role in stomatal opening by catalysing the formation of malate from PEP during the 
swelling of the guard cell protoplasts (Allaway, 1973; Schnabl, 1981). Accelerated stomatal 
opening can result in higher internal CO2 concentration and consequently reduce 
photorespiratory carbon loss. Constitutive expression of PCC in transgenic potato has resulted 
in improved stomatal conductance (Gehlen et al., 1996). This might also be apparent for 
tobacco PCC overexpressors. However, the reduction in photorespiration was not reflected in 
any attenuation in their temperature responses of A and of the e/A ratio (Fig. 24A). In single 
CK overexpressors, the temperature effect on A was diminished (Fig. 24A). However, this 
was neither supported by any attenuated O2 effects on A and the e/A ratio (Tab. 19) nor by any 
diminished temperature response of the e/A ratio (Fig. 24B). In double PCC/CK or PCC/ME 
overexpressors, there was a significant attenuation of O2 inhibition of A only at 25°C (Tab. 
19). This seems to imply a decreased photorespiration resulted from an increase in stromal 
CO2 concentration. The latter might be caused by the decarboxylation of OAA, formed via 
PCC, and subsequently production of malate via ME and CK, respectively. The above results 
were supported by an attenuated temperature effect on A in these plants (Fig. 24A), and for 
double PCC/CK overexpressors also by that on the e/A  ratio (Fig. 24A), however, not by an 
attenuation of O2 effects on the e/A ratio (Tab. 19). In conclusion, there were some 
discrepancies between results regarding effects of O2 and temperature under different 
conditions. This might suggest that the respective changes in photosynthetic parameters were 
not entirely caused by a decline in photorespiration. 
In another set of experiments with multiple transgenic plants, a PCC/PCSD/ME/PS 
overexpressor (plant L1 (2)) exhibited significantly lowered G (Fig. 25A). Moreover, the 
influence of decreasing Ci on the e/A ratio was also attenuated in this plant (Fig. 25B). These 
observations pointed to an inhibition of photorespiration. It might be possible that after 
additional introduction of PT in this plant, more significant effects on photorespiration could 
occur due to the operation of a complete C4-metabolic pathway (see 5.5). 
In a third set of experiments the investigated transgenic tobacco plants contained complete 
set(s) of enzymes for C4-metabolic pathways either of NADP-ME-type, PCK-type, or of both 
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types in combination. One plant (JL18) showed a trend of decrease in the e/A ratio, although 
this effect was observed only in two of five measurements (4.5.4.3). In addition, some other 
plants exhibited increases in A only at some time points. It seems likely that in these plants the  
C4-metabolic pathway(s) operated only transiently for a short-term under certain 
physiological conditions. This reminds us of some C3-C4 Flaveria species which showed 
some C4-like CO2 fixation during short-term study on the carbon isotope discrimination, 
however, exhibited C3-like values in long-term measurements (review by Rawsthorne, 1992). 
In the case of transgenic tobacco plants, the extent to which this short-term C4-metabolism 
operates might be depending on several factors. 1) CO2 leakage: C3 plants have no Kranz 
anatomy that is responsible for preventing leakage of CO2 in C4 plants (1.2). CO2 generated 
by the decarboxylation of OAA and/or malate in chloroplasts could again be released instead 
of being concentrated there. Although one terrestrial plant, B. aralocaspica, that lacks Kranz 
anatomy employs C4-type photosynthesis, it has a special leaf anatomy. Rubisco and the 
enzymes involved in C4-metabolism (e.g. NAD-ME and DK) are localized in different types 
of chloroplasts, which are present in basal and distal parts of their chlorenchyma cells, 
respectively (Freitag and Stichler, 2000; Vozesenskaya et al., 2001). 2) the availability of 
substrates and co-factors. 3) post-translational regulation of PC and DK (for review see 
Leegood, 1997). 4) the cooperation of individual enzymes in vivo: the physiological 
conditions could influence the enzyme activities, for instance through changing the activation 
states of foreign plant-derived unmodified PC, DK and CK, and of endogenous NADP-MDH. 
It is thus possible that under certain physiological conditions in tobacco plant JL18 and some 
other plants, the rates of reactions catalysed by individual “C4-cycle” enzymes matched each 
other, which resulted in short-term effects. However, when the physiological conditions  
shifted far from this “point”, one or more reaction(s) became rate- limiting, “switching-off” 
C4-like metabolism. It might be that in these transgenic plants the changes in their metabolism 
caused by constitutive expression of the “C4-cycle” genes were so large that the plants 
frequently had to adjust their intracellular conditions to maintain their metabolic balances. 
 
 
5.2.3 Effects on plant growth and reproduction 
 
As discussed above (5.2.1-5.2.2), elevations in the activities of “C4-cycle” enzymes caused 
changes in metabolite contents as well as photosynthesis characteristics in transgenic tobacco 
plants. These biochemical and physiological changes may not necessarily be reflected in some 
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alteration in plant growth, if their effects on photosynthesis occur only during short terms, as 
had been observed among transgenic plants (5.2.2). On the other hand, it is still possible that 
some changes in plant growth were attributed to the overexpression of “C4-cycle” genes and 
the resulting metabolic changes, as will be discussed below. 
 
Growth of single, double and multiple “C4-cycle” genes overexpressors under ambient 
conditions: 
 
Tobacco single PCC or PCSD overexpressors  showed increased growth rates as compared 
with wild type, although there was no correlation between the growth rates and PC activities 
over the whole range of PC activities (Fig. 26A-B). There have been some conflicting reports 
on the growth of transgenic plants overexpressing foreign PC (Hudspeth, et al., 1992; Kogami 
et al., 1994; Rademacher, 2002). Decreased growth rates have also been reported for some 
tobacco plants overexpressing maize ppc genes (Hudspeth, et al., 1992; Kogami et al., 1994). 
In contrast, a comparison study on tobacco and potato PCSD overexpressors showed that the 
growth of transgenic tobacco plants remained unchanged whereas transgenic potato plants 
had strongly retarded growth (Rademacher, 2002). There might be several things that 
accounted for the enhanced growth of tobacco PC overexpressors observed here. One of them 
seems likely to be the reduction in their photorespiration (see 5.2.2). An alternative hypothesis 
is that they might have an increase in phosphate availability. Under the control of constitutive 
CaMV 35S promoter, PCC and PCSD genes should be overexpressed not only in leaves but 
also in roots of transgenic tobacco plants. Therefore, an increase in malate content might also 
occur in roots, as had been observed in leaves of PCC or PCSD overexpressors (see 5.2.1). In 
addition, malate produced in leaves might be transported to roots. Malate from both paths 
may be exuded from roots to the soil. The exuded malate could increase the availability of 
soil phosphate for plants (Martinoia and Rentsch, 1994), and allow a replenishment of 
cytosolic phosphate pools. In turn it would enhance the plant growth by e.g. meeting the 
increased demand for phosphate by ATP synthesis, which is required for sucrose loading into 
phloem in exporting leaves (Frommer and Sonnewald, 1995). If this benefit exceeded the 
negative influence of mala te, the plant growth would not be retarded by the PC 
overexpression. A further version relates to a more efficient synthesis and transport of sucrose 
in tobacco PC overexpressors than their potato counterparts. This could be an explanation for 
the difference (see above) in the response of plant growth to increased PC activities between 
transgenic tobacco and potato plants overexpressing the same PC enzyme (PCSD). Sucrose is 
the major assimilate that is exported from leaves to metabolic sinks such as meristems and 
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roots, or storage sinks such as seeds, and tubers (only for some plants such as potato). 
Inhibition of sucrose biosynthesis and transport could result in retarded growth and reduced 
yield (Frommer and Sonnewald, 1995). Tobacco plants invest the majority of 
photoassimilates for their growth and formation of sexual reproductive organs. They are 
capable of compensating limited sucrose synthesis in the cytosol of source leaves by rapidly 
mobilizing stromal transitory starch to generate glucose, which was subsequently exported to 
the cytosol for sucrose synthesis (Häusler et al., 1998). In accordance with this notion, in the 
present study, tobacco PCC or PCSD overexpressors did not show any stunted phenotype, 
although the biosynthesis of sucrose as well as starch might be reduced due to the increases in 
PC activity. Decreased sucrose and starch biosyntheses have been suggested to occur in 
potato PCSD overexpressors (Rademacher, 2002), and might also in tobacco PCSD or PCC 
overexpressors. Therefore, it seems likely that tobacco PCC or PCSD overexpressors 
maintained or even enhanced their growth at the expense of their storage capacities for starch 
and sucrose. Verification of this assumption awaits further studies such as determinations of 
leaf contents of sucrose and starch, and of sucrose transport activities. In contrast to tobacco, 
potato plants use large amounts of photoassimilates for the production of storage starch in 
their vegetative reproductive organs (tubers). Potato aTPT plants accumulated starch in leaves 
in light and mobilized it only at night (Häusler et al., 1998), which led to a retard in growth 
(Riesmeier et al., 1993). For potato PCSD overexpressors a decline in sucrose export has been 
suggested to be responsible for their retarded growth and decreased tuber yield (Rademacher, 
2002). In summary, the different growth responses of transgenic tobacco and potato to PCSD 
overexpression should be due to their different source-sink relationships. 
It was observed in the present study that the fresh weights of tobacco plants are usually 
correlated to their growth rates. This correlation was also apparent for transgenic tobacco 
plants containing PCC, but not for those with PCSD. The fresh weights of the latter plants were 
correlated to their PC activities (Fig. 26). This might be due to higher water contents in these 
plants, which has also been observed in potato PCSD overexpressors (Rademacher, 2002). 
Earlier formation of reproductive organs  was observed on both PCC and PCSD 
overexpressors. Interestingly, the most significant effects were observed on those plants 
having the most significant changes in growth rate (compare upper and lower panels of Fig. 
26A-B). These results indicate that the metabolic changes resulting from the increases in PC 
activity brought about effects simultaneously on plant growth rates and on the formation of 
reproductive organs. Similarly, transgenic rice plants overexpressing a maize ppc gene 
showed no change in growth but gave rise to higher grain yields (Jiao et al., 2002). PC has 
 178  
been suggested to be involved in carbon fixation in transmitting tract cells supplying energy 
and metabolic precursors for pollen tube growth in the style (Jansen et al., 1992). Therefore, 
the increased PC activities in transgenic tobacco plants might have accelerated the 
development of flowers and their pollination. It is generally accepted that in developing fruits 
and seeds where the respiratory rates are much greater than that in leaf tissues (Willmer and 
Johnston, 1976), PC refixes the respired CO2 minimizing its loss and making these organs 
more efficient (for a review see Latzko and Kelly, 1983). Since PC was constitutively 
overexpressed in transgenic tobacco plants, it is conceivable that an increase in PC activity in 
developing fruits and seeds caused a reduc tion in their CO2 loss, and consequently improved 
the development of fruits.  
 
Increased growth rates and earlier formation of reproductive organs were also observed for 
double PCC/ME overexpressors . These changes were more significant when PC activities 
were below a 2.2-fold increase of wild type (Fig. 26C). Compared with single PCC 
overexpressors, these effects were not significantly changed by an additional expression of 
ME. 
 
Certain multiple transgenic tobacco plants overexpressing PCC/ME/PS/PT, 
PCC/ME/DK/PT, PCC/ME/DK/PT/CK, PCC/PCSD/ME/CK/PT or PCC/ME/PT exhibited 
increased growth rates and earlier formation of reproductive organs. Double PCC/CK and 
triple PCC/ME/CK overexpressors had retarded growth (Tab. 20). It is difficult to state, based 
on these results, which combination(s) of “C4-cycle” enzymes could be more efficient than 
others, because not only the types of enzyme but also their activities could influence the 
operation of C4-metabolic pathway and plant growth. However, these observations provide 
some hints on the possibility of changing plant growth by the overexpression of “C4-cycle” 
enzymes in certain combinations. For examples, DK and PS can supply PC with additional 
PEP, which is normally generated by glycolysis, resulting in accelerated stomatal opening to a 
greater extent than that in the plants where only PC activity is elevated. Increased stomatal 
conductance has been observed on potato PS overexpressors (Panstruga et al., 1997), which 
could be due to the combined contributions of foreign PS and endogenous PC. In addition, 
DK, coupled with PC, has been suggested playing an important role in converting alanine to 
glutamine for the formation of storage proteins in developing seeds (Aoyagi and Bassham, 
1984; Latzko and Kelly, 1983). Although DK and PS catalyse similar reactions (1.4), their 
overexpression might result in different effects, because in vivo plant-derived DK is subject to 
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post-translational covalent modification (see 5.1.3), but PS not. Interestingly, the most 
striking effects on plant growth were observed for the plants containing PS, the parent of 
which (plant L1(2), a triple PCC/ME/PS overexpressors) had showed marked effects on G and 
e/A ratio (Fig. 25). Furthermore, low PT activity coupled with high CK activity could result  in 
a disturbance of the balance of PEP between chloroplasts and the cytosol. This might be 
partially responsible for the observed retarded growth of the plants overexpressing CK but 
lacking foreign PT. 
 
Growth of the progenies of crossed transgenic tobacco plants in ambient conditions: 
 
The growth of a large number of progenies from various crosses of “C4-cycle” enzymes 
overexpressors was investigated. Significant effects on certain growth parameters were 
observed for some groups of plants. The plants of group X gave rise to the most striking 
effects on nearly all growth parameters with one exception, that of fresh weight (4.6.3). 
Effects on the formation of flowers and the development of fruits were also observed. Nearly 
all the transgenic groups of plants (except the group H), in particular, the group N and T in the 
25°C chamber, and the groups C and J in the 20°C chamber, flowered earlier than wild-type 
group (Tab. 24). The maturation of fruits was accelerated on all the transgenic groups of 
plants in the  20°C chamber, in particular, the groups J and L. In the 25°C chamber, the plants 
of groups N and Q showed considerably accelerated maturation of fruits, whereas most other 
groups of plants were unchanged or even retarded in this process (Tab. 25). It is still too early 
to conclude which “C4-cycle” enzymes in which combination(s) were responsible for each of 
these effects. I would like to suggest the following: 1) The plants with most significant effects 
on photosynthesis could most probably be found in group X. Since it was not possible to 
simultaneously perform the extensive growth experiment and photosynthesis measurements, 
those plants of group X showing the most striking effects on growth parameters were not 
further investigated for their photosynthesis parameters. The growth experiment should be 
repeated with the original seeds and with the seeds from single selected plants harvested at the 
end of the present experiment. The latter is also important as the first step to receive 
homozygous lines. 2) The final heights of plants were directly correlated to their average 
internode lengths (Tab. 22). This indicates that the changes in the growth of internodes were 
responsible for the alterations in plant height. In addition, the stalk diameters were in most 
cases also correlated to above-mentioned two parameters (Tab. 22). The stalk is one of the 
metabolic sink organs of tobacco plants, and the increases in its length and thickness depend 
on the supply of sucrose by source leaves (Frommer and Sonnewald, 1995). It seemed likely 
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that in those plants showing decreased values of these parameters, the loading and/or export 
of sucrose was inhibited. If it were assumed that tobacco plants could virtually compensate 
any block in sucrose synthesis, which might result from the overexpression of certain “C4-
cycle” enzyme(s) e.g. PC (see above), a decrease in ATP availability and a consequent 
reduction in sucrose loading might be one of the factor(s) affecting the supply of sucrose for 
the stalks. If DK, PS and/or CK were overexpressed in an imbalanced manner regarding their 
co-ordination with other enzymes, the competition of these enzymes for ATP might influence 
the sucrose loading. 3) The plants of the groups N, Q (25°C) and J, L (20°C) showed the most 
rapid maturation of fruits (Tab. 25). Interestingly, most of the wilted plants were found in 
these groups (4.6.3). This implied some correlations between the two events, which might be 
accounted for by the function of PC in combination with DK, PS or with both. The 
constitut ively overexpression of “C4-cycle” enzymes could cause accelerated stomatal 
conductance and enhance the ripening of fruits (see above). Acceleration in stomatal opening 
may result in elevated transpiration, since most of the water transpired by leaves apparently 
escapes through the stomata (Zelitch, 1961). This might be the reason for the observed 
wilting. It should be possible to prevent this side-effect by expressing the enzyme encoding 
genes in a mesophyll cell-specific manner. 
 
Growth of progenies of multiple transgenic tobacco plants under lowered CO2 
concentrations: 
 
The investigations on the growth of the progenies of multiple transgenic tobacco plants under 
lowered concentrations of CO2 showed that the seedlings of some multiple transgenic plants 
survived under CO2 concentrations below 50 µl l-1, whereas seedlings of other plants died 
(4.6.4). This result suggested some effects of C4-like metabolism on photorespiration in 
transgenic plants. However, in most cases no variation of growth could be observed among 
the surviving plants (except the progenies of the plant JL86). Independent progenies of each 
multiple transgenic plant should show varying growth, since they were a segregating 
population regarding the foreign genes. At this point no explanation can be given with respect 
to the cause of the unexpected results. However, it is worth optimizing the experimental 
conditions for this approach. As stated in section 1.2, C4 plants are superior to C3 plants only 
under environmental stress, such as limited CO2 concentrations or high temperatures. Thus, 
transgenic tobacco plants conducting a C4-like metabolism should be more effectively 
screened out under such stresses. 
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5.3 Outlook 
 
The goal of our group is to enhance CO2 assimilation of C3 plants by expression of 
heterologous genes. The strategy we have been employing so far is to establish a C4-like 
photosynthetic pathway (“C4-cycle”), as illustrated in Fig. 1, in these plants. In the present 
study, complete sets of foreign enzymes, involved in such pathways, were introduced into the 
C3 plant tobacco. An effective operation of these pathways should depend on the functions of 
individual enzymes as well as their co-ordinations. It is difficult to obtain direct information 
on the behaviors of these enzymes under in vivo conditions. Changes in the contents of 
metabolites related to these enzymes could provide important clues. In the present study a 
"co-ordinate" functioning between a foreign cytosolic phosphoenolpyruvate carboxylase (PC) 
and a stromal NADP-malic enzyme (ME) was revealed: the increase in malate content 
observed in single PC overexpressors was reduced to wild-type levels in double transgenic 
plants. The function of PC was also reflected in a decrease in the leaf content of flavonoids. In 
this case, however, the additional presence of a foreign stromal ME did not attenuate this 
decrease. In further studies, the in vivo function of pyruvate, orthophosphate dikinase (DK) 
might be examined on the basis of the latter observations. In a transgenic plant simultaneously 
overexpressing PC, ME and and DK, stromal DK might function and co-ordinate well with 
the stromal ME. If this is indeed the case, the production of PEP in the chloroplasts would be 
enhanced, and would in turn recover the biosynthesis of flavonoids. Such a plant might, 
therefore, have attenuated changes in flavonoid content when compared with single PC 
overexpressors. In addition, since phosphoenolpyruvate carboxykinase (CK) catalyses the 
decarboxylation of OAA to form PEP, its effective function might result in an attenuation of 
both the increases in cell acidity and the changes in flavonoid content. 
Effective functioning of “C4-cycle” enzymes could also be reflected in changes in the contents 
and proportions of various families of amino acids. In potato PC overexpressors the levels of 
amino acids derived from glutamate, aspartate and pyruvate, and some derived from PEP 
were increased (Rademacher et al., 2002). There might also be correlations between the 
actions of other “C4-cycle” enzymes, i.e. ME, DK, phosphoenolpyruvate synthase (PS), CK or 
phosphoenolpyruvate/phosphate translocator (PT), and the changes in the contents and 
proportions of amino acids. Since all these foreign enzymes are located in the chloroplasts, 
their functions might influence the ratio between amino acids produced in the mitochondria 
(e.g. amino acids derived from glutamate and aspartate) and those in chloroplasts and cytosol 
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(e.g. amino acids derived from pyruvate and PEP). Moreover, since all these enzymes are 
involved in the metabolism of pyruvate and/or PEP (see Introduction 1.4), the proportions of 
amino acids derived from both substances might be altered correspondingly. Therefore, 
comparisons of content patterns of amino acids between transgenic plants overexpressing one 
or more of these enzymes would provide information on their in vivo functions.  
In transgenic tobacco plants, some endogenous enzymes might also contribute to the 
operation of C4-metabolic pathway. It has been reported that the transgenic rice plant with a 
25-fold higher PC activity had a doubly induced endogenous carbonic anhydrase (CA) 
activity and showed higher capacity of CO2 assimilation (Jiao et al., 2002). Suzuki et al. 
(2000) have revealed that in transgenic rice plants overexpressing CK, the rate of fixation of 
CO2 into 4C compounds (malate, OAA and Asp) was significantly increased via endogenous 
PC activities. They suggested that the activity of PC was limited by the low level of its 
substrate in wild type. In CK overexpressors, higher CK activites supplied increased amounts 
of PEP to PC. For transgenic tobacco plants, the contributions of endogenous enzymes to C4-
like metabolism should also be studied. It is especially important for CA and NADP-malate 
dehydrogenase (NADP-MDH), both of which are involved in the “C4-cycle” (see Fig. 1). 
 
Operation of a “C4-cycle” may cause changes in photosynthetic characteristics of transgenic 
plants. Long-term changes in photosynthesis might be reflected in significant alterations of 
plant growth. Under ambient air conditions, some transgenic plants were observed with 
effects on growth parameters. C4 plants are superior to C3 plants in photosynthetic efficiency, 
and thus in growth rate and dry matter, only under limiting CO2 concentrations and high 
temperatures (Introduction 1.2). Therefore, it would be more reasonable to investigate 
transgenic tobacco plants under such environmental conditions. In the present study first 
attempts have been made to screen for transgenic plants with high photosynthetic efficiencies 
in lowered CO2 concentrations. Nevertheless, more detailed studies are necessary with 
optimized experimental conditions. In addition, attention should be paid to the influence of 
humidity on the photosynthesis of transgenic plants. It has been found that humidity 
conditions play a role in affecting the growth of different types of C4 plants (Henderson et al., 
1994). More recently, it was also reported that transgenic Arabidopsis thaliana expressing 
ictB, a gene involved in HCO3- accumulation in cyanobacteria, exhibited faster growth only 
under conditions of low relative humidity (Lieman-Hurwitz et al., 2003). 
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In the present study, the “C4-cycle” genes were expressed under the control of the constitutive 
CaMV 35S promoter. Constitutive expression of foreign genes might cause continued 
alterations in the entire plant resulting in undesired side-effects. Some phenomena observed in 
the present study, e.g. plant wilting, short-term C4-photosynthetic effects, etc. might at least 
partially be attributed to these side-effects. Therefore, it would be desirable if foreign genes 
were expressed in a tissue-specific and light- inducible manner. 
In transgenic tobacco plants, the activity of DK originating from plants might reversibly be 
regulated by posttranslational covalent modifications. A consequence of such a regulation 
might be the phenomenon observed in the present study where DK activity was significantly 
reduced in cuttings compared with the original plants. It has also been reported that in 
transgenic rice plants the protein encoded by an intact maize DK gene was not activated as 
efficiently as that in maize (Fukayama et al., 2001). Mutated enzymes with altered regulatory 
properties can bypass endogenous regulatory mechanisms. Therefore, as with PCSD 
(Rademacher et al., 2002), it would be worth to modify the DK gene from F. trinervia at its 
Thr-phosphorylation site, introduce it into tobacco, and compare biochemical and 
physiological effects between lines containing unmodified and modified DK. 
 
 
A recently developed new strategy in our institute might bypass the need for a co-ordination 
between enzymes that are located in different cellular compartments. In this strategy (Dr. 
Peterhänsel, personal communication), glycolate-P derived from the oxygenase reaction of 
Rubisco is further metabolized via an engineered pathway in the same cellular compartment 
where it is generated: the chloroplast. The pathway consists of endogenous glycolate 
phosphatase, foreign glycolate oxidase (GO), glyoxylate carboligase (GCL) and tartronic 
semialdehyde reductase (TSR), and endogenous glycerate kinase. Thus, CO2 released via 
GCL may directly be refixed by Rubisco, and the generated glycerate-P may enter the Calvin 
cycle. In addition, the escape of CO2 from mesophyll cells might be reduced due to the shorter 
way of its recycling, yet it could well be that only a combination of both approaches will 
finally prove successful. 
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6 Summary 
 
In the present study, a series of transgenic tobacco (C3) plants were created, in which either 
partial or complete sets of heterologous enzymes for a C4-like metabolic pathway (“C4-
cycle”) were overexpressed. These enzymes include phosphoenolpyruvate carboxylase (PC) 
from Corynebacterium glutamicum (PCC) and Solanum tuberosum (modified PCs, i.e. PCSD 
and PCSF), NADP-malic enzyme (ME) from Flaveria pringlei, pyruvate, orthophosphate 
dikinase (DK) from Flaveria trinervia, phosphoenolpyruvate synthase (PS) from Escherichia 
coli, phosphoenolpyruvate carboxykinase (CK) from Sinorhizobium meliloti and 
phosphoenolpyruvate translocator (PT) from Brassica oleracea. As a consequence, 
biochemical and physiological changes occurred in these plants with respect to endogenous 
enzyme activities, metabolite contents, photosynthetic characteristics and growth parameters. 
 
Heterologous genes encoding “C4-cycle” enzymes were stably transferred into Nicotiana 
tabacum by the mediation of Agrobacterium employing the optimized “leaf disc” 
transformation method. Two expression systems were used for gene transformations. By 
utilization of a system based on viral RNA replication mechanism, none of the transgene 
encoding proteins was detected in transformed plants, suggesting the occurrence of gene 
silencing. Expression of foreign genes under the control of CaMV 35S promoter or its 
duplicated derivative resulted in detectable foreign proteins and increased enzyme activities. 
 
Three strategies were used to introduce all desired genes into single transgenic plants, i.e. co-
transformations, triple-gene construct transformations, and stepwise crossing. The former two 
approaches proved ineffective and the establishment of desired pathway(s) in tobacco was 
achieved with the third one. Transgenic plants were screened out by means of Western blot 
analysis, enzyme activity measurements, PT-PCR and/or Northern blot hybridization. Simpler 
methods for screening were also developed. The selected plants contained either or both of 
the NADP-ME-type and PCK-type C4-like metabolic pathways. The former one is composed 
of PC, ME, DK or PS, and PT; and the latter consists of PC, CK and PT.  
 
Overexpression of “C4-cycle” genes caused changes in the activity pattern of endogenous 
enzymes involved in the metabolism of PEP and its derivatives. In single PCC or PCSF, and 
PCSD overexpressors, cytosolic ME was induced 2- and 4-fold, respectively, probably to 
counteract increased cell acidity. There were significant increases in the activities of cytosolic 
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PK as well as mitochondrial NAD-ME in single PC, and double PCC/ME and PCC/CK 
overexpressors, suggesting elevated glycolytic fluxes in favor of providing more PEP to PC. 
NADP-MDH was significantly inhibited in double PCC/CK overexpressors probably due to a 
competition of foreign CK for stromal OAA as a substrate. 
 
Overexpression of “C4-cycle” genes also resulted in alterations in the contents of primary and 
secondary metabolites. The leaf content of malate was increased up to 5-fold in single PC 
overexpressors as a consequence of the enhancement in OAA production via PC. Such 
changes were diminished in double PCC/ME overexpressors, which should be attributed to the 
decarboxylation of malate via foreign stromal ME. An increase in the PC activity also caused 
a decline in the leaf content of flavonoids (UV protectants), presumably due to a limitation of 
PEP supply resulted from higher PEP consumption via PC in the cytosol. Such a decline was 
not attenuated by an additional elevation in stromal ME activity in double PCC/ME 
overexpressors. 
 
Photosynthesis parameters were altered in some transgenic tobacco plants. Attenuation of the 
oxygen- and/or temperature-dependent inhibition of apparent CO2 assimilation (A) and 
enhancement of electron requirement for apparent CO2 assimilation (e/A ratio) were observed 
in single PCC, and/or double PCC/CK or PCC/ME overexpressors. In a multiple PCC/ 
PCSD/ME/PS overexpressor (plant L1(2)), the apparent CO2 compensation point (G) was 
reduced, and the e/A ratio was less affected by the decreases in intercellular CO2 
concentration. Another multiple transgenic plant (JL18) containing PCC/ME/DK/PS/CK/PT 
showed a short-term inhibition of photorespiration. 
 
Growth parameters were also changed in transgenic tobacco plants. Higher growth rates and 
earlier formation of reproductive organs were observed for single PC, double PCC/ME and 
multiple PCC/ME/PS/PT, PCC/ME/DK/PT, PCC/ME/DK/PT/CK, PCC/PCSD/ME/CK/PT or 
PCC/ME/PT overexpressors, whereas double PCC/CK and triple PCC/ME/CK overexpressors 
had retarded growth. The growth parameters of a large number of progenies from various 
crosses between transgenic tobacco plants were statistically analysed. Independent progenies 
from a cross, group X, displayed pronounced variations for most of the parameters. This 
suggests that some changes in photosynthesis might occur in some of these plants due to 
certain combination patterns of “C4-cycle” enzymes. This group of plants could be used for 
further investigations. Attempts were also made to investigate growth of the progenies from 
similar crosses under lowered CO2 concentrations. 
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7 Appendixes 
 
 
7.1 Abbreviations  
 
A Adenine 
A Apparent CO2 assimilation rate 
A. tumefaciens Agrobacterium tumefaciens 
aa Amino acid 
ADP Adenosine diphosphate 
AMP Adenosine monophosphate 
Amp/Ampr  Ampicillin/ampicillin resistance 
APS Ammonium persulfate 
Asp Aspartate 
ATP Adenosine triphosphate 
BCIP 5-bromo-4-chloro-3-indolyl-phosphate 
bla Gene for b-lactamase 
bp Base pair 
BSA Bovine serum albumin 
C Cytosine 
C. glutamicum Corynebacterium glutamicum 
C4-cycle C4-like CO2 assimilation pathway as shown in Fig. 1 
Ci Intercellular CO2 concentration 
CA Carbonic anhydrase 
CABYV Cucurbit aphid-borne yellow virus 
CAM Crassulacean acid metabolism 
CaMV Cauliflower mosaic virus 
Cb/Cbr Carbenicillin/carbenicillin resistence 
cDNA Complementary DNA 
CK Phosphoenolpyruvate carboxykinase 
CoA Coenzyme A 
cppc Coding sequence of ppc gene from C. glutamicum 
cv. Cultivar 
d Day 
DEPC Diethyl pyrocarbonate 
dGTP Deoxyguanosine triphosphate 
DK Pyruvate, orthophosphate dikinase 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DNPH 2, 4-dinitrophenylhydrazine 
dNTP Deoxyribonucleoside triphosphate 
ddNTP 2 ,´ 3 -´dideoxyribonuleoside triphosphate 
DTT Dithiothreitol 
E. coli Escherichia coli 
e/A ratio Electron requirement for apparent CO2 assimilation 
EDTA Ethylene diamine tetraacetic acid 
eppc Coding sequence of ppc gene from E. coli 
F. pringlei Flaveria pringlei 
F. trinervia Flaveria trinervia 
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fppc ppc gene from F. trinervia 
Fig.  Figure 
G Guanine 
G Apparent CO2 compensation point (in the presence of dark respiration 
in the light) 
G* Apparent CO2 compensation point (in the absence of dark respiration 
in the light) 
GAPDH Glycerate-3-phosphate dehydrogenase 
Glu Glutamate 
GST Glutathion S-transferase 
h Hour 
Hepes N-2-hydroxyethylpiperazine-N -´2-ethanesulfonic acid 
Hyg/Hygr Hygromycin/hygromycin resistance 
ICDH Isocitrate dehydrogenase 
IgG Immunoglobulin G 
IPTG Isopropyl-b-D-thiogalactoside 
kb Kilobase pair 
kD Kilodalton 
KM Michaelis constant 
Km/Kmr  Kanamycin/kanamycin resistance 
LB medium Luria-Bertani medium 
Leu Leusine 
Lys Lysine 
MDH Malate dehydrogenase 
ME MADP-malic enzyme 
Me2 Gene for NADP-ME 
min Minute 
MOPS 3-(N-morpholino)propane sulfonic acid  
mRNA Messenger RNA 
N. tabacum Nicotiana tabatum 
NAD-ME NAD-malic enzyme 
NAD+/NADH Nicotinamide adenine dinucleotide (oxidized/reduced form) 
NADP+/NADPH Nicotinamide adenine dinucleotide phosphate (oxidized/reduced form) 
NBT Nitroblue tetrazolium 
OAA Oxaloacetate 
OD Optical density 
PAGE Polyacrylamide gel electrophoresis 
PC Phosphoenolpyruvate carboxylase 
PCC Phosphoenolpyruvate carboxylase from C. glutamicum 
PCE Phosphoenolpyruvate carboxylase from E. coli 
PCF Phosphoenolpyruvate carboxylase from F. trinervia 
PCSD Modified phosphoenolpyruvate carboxylase from S. tuberosum 
encoded by StppcS9D-C4 
PCSF Modified phosphoenolpyruvate carboxylase from S. tuberosum 
encoded by Stppc-C4 
PCst Phosphoenolpyruvate carboxylase from S. tuberosum 
pckA Gene for phosphoenolpyruvate carboxykinase from Sinorhizobium 
meliloti 
PCR Polymerase chain reaction 
pdk Gene for pyruvate, orthophosphate dikinase 
PEP Phosphoenolpyruvate 
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PEPP Phosphoenolpyruvate phosphatase 
PFD Photon flux density 
3-PGA Glycerate-3-phosphate 
Pi Inorganic phosphate 
PK Pyruvate kinase 
ppc Gene for phosphoenolpyruvate carboxylase 
ppm Part per million 
ppsA Gene for phosphoenolpyruvate synthase from E. coli  
ppt Gene for phosphoenolpyruvate/phosphate trans locator 
PT Phosphoenolpyruvate/phosphate translocator 
ribulose-1,5-P2 Ribulose-1,5-bisphosphate 
Rif/Rif r  Rifampicillin/Rifampicillin resistance 
RNA Ribonucleic acid 
RNase Ribonuclease 
rpm Round per minute 
RT Room temperature 
RT-PCR Reverse transcriptase-polymerase chain reaction 
Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase 
S. meliloti Sinorhizobium meliloti 
S. tuberosum Solanum tuberosum 
SDS Sodium dodecyl sulfate 
sec Second 
Ser Serine 
SR1  Nicotiana tabacum L. cv. Petit Havana SR1 
Stppc ppc gene from S. tuberosum 
Stppc-C4 Modified ppc1 gene from S. tuberosum; the sequence coding for the 
amino acids from positions 384 to 420 has been substituted by a 
corresponding sequence of ppcA gene from F. trinervia. 
StppcS9D-C4 Modified ppc1 gene from S. tuberosum; in addition to the 
modification for Stppc-C4, Glu7, Lys8, and Leu9 is replaced by a Ser, 
and Ser11 is replaced by Asp. 
T Thymine 
Tab. Table 
TCA cycle Tricarboxylic acid cycle 
TEMED N, N, N ,´ N -´tetramethyl ethylene diamine 
TMV Tobacco mosaic virus 
TPT Triose phosphate/phosphate translocator 
triose-P Triose phosphate 
Tris Tris (hydroxymethyl) aminomethane  
U Unit 
UT Untranslated region 
UV Ultraviolet 
vol.  Volume 
v/v Volume per volume 
w/v Weight per volume 
Z. mays Zea mays 
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